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PREFACE. 


TliiH  work  has  bepii  prepared  in  answer  to  a  demand  for 
infornintiun  regarding  the  phenomena  of  Hurfiiee  Tension  and 
tlie  Flow  of  Liquids,  subjects  which  are  treutcnl  very  hriefly,  if 
at  all,  in  many  books  on  Physics. 

It  is  now  published  separately,  but  in  future  editions  of 
Merchant's  "Elementary  Mechanics"  it  will  be  incorporated 
as  two  additional  chapters,  and  the  pages  have  Iteen  numbered 
with  that  object  in  view. 

The  author  wishes  to  aiknowledge  valuable  assistance 
received  from  Professor  F.  U.  Kenrick  of  the  Departnjent 
of  Chemistry,  University  of  Toronto,  and  Mr.  G.  A.  Cornish, 
B.A.,  Chief  Science  Master  in  tlie  University  Schools, 
Toronto. 
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ToBONTO,  January,  1912. 
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CHAl'TKK    XVIII. 


srilKArK  TKNSIOV. 

1.  Oh&nfe  of  Level  by  Surface  Tension. 

Experiment  1. 

Hold  a  small  glii-ss  tulje  upriglit  in  wiiic-r  and  oliserve  the 
Mwiviour  of  the  wiiter  within  the  tube.  It  will  Iw  b.'.mi  to 
rise  alx.vo  tho  level  outside.  Note  also  that  the  wHt<'r  ouives 
upward  where  it  touches  tho  glasj*  (Fig.  1 IG).     This  effect  can 


^^ 


^-^ 


aj™,f!ff 


Wftter. 


Fio.  lis. 


Mercury. 


be  observed  more  ea-sily  if  a  little  colouring  matter  (magenta, 
for  example)  is  added  to  the  water.  If  mercury  is  used 
instead  of  water,  the  liquid  within  the  tube  takes  a  lower  level 
tlian  that  outside,  and  where  it  toadies  the  glass  it  curves 
downward  instead  of  upward. 

Now  lift  the  glass  tube  out  of  the  water,  and  note  that 
some  of  the  liquid  clings  to  it.  Do  the  same  with  the  me-^ury  ; 
you  will  see  that  none  at  all  adheres.  Water  is  said  to  wet 
the  glass  ;  mercury  does  not.  In  these  experiments  the  glass 
should  be  j/crfectly  clean. 

Again,  if  water  is  sprinkled  on  a  very  dusty  floor  it  usually 
forms  in  drops  which  persist  for  some  time.     Drop  a  little 
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mercury  on  the  floor;  it  hreak.s  into  a  multit.uie  of  shining 
;,'lobuIc.s  wluclj  retain  ti.eir  r..,UHlo,l  forms  ponnanently. 

Xmv  there  is  ,t  ve.y  i.nportant  principle  in  n.echnnics 

^^l^ch  states  that  the  potential  energy  of  a  system 
of  bodies  always  tends  to  a  minimum.      A  Ixxlv  if 
unsupporte.1    falls  to  the  earth,  thus  i>artin^.  with  its 
potent.al  ener^.y.     The  foumlations  of  a  house  must  l>e 
sti-onjr  eM(.u-h  to  support  the  superstnict.ire  or  it  will 
crumble  to  the  ^m,un.l.      A  compressed   or  a  stretched 
spring,  or  a  Ix-nt  l^ow  endeavours  to  <,nve  up  its  potential 
enercfy  and   to  return   to   its  natural  unstrained   form 
Water  cont,nuaIly  seeks  a  lower  level.     If  phu^ed   in  a 
vessel  ,     ries  to  sprea.!  out  and  take  up  as  low  a  pasition 
n-s  i.>ss.ble.     In  <loincj  so  its  surface  becomes  a  horizontal 
plane  and  in  a  series  of  connecting  tubes  it  reaches  the 
same  level  in  each  (see  p.  184,  Exp.  4). 

The  experiments  with  the  small  tube  just  de.scribed 
would  at  hi-st  s.ght,  appear  to  be  inconsistent  with  this 
principle.  On  examination,  however,  we  shall  Hnd  that 
mich  IS  not  the  case,  but  that,  on  the  other  hand,  they 
Illustrate  it  in  a  new  and  beautiful  nuuiner. 
2.  Tension  in  the  Surface. 

Observati.ms  upon  ILpiids  exix,se,I  to  air  stronjrlv 
•sucr^est  that  they  are  enclosed  in  a  thin  skin  or  meln- 
brane.  winch  continually  ten.ls  to  contract.  The  cdobules 
ot  water  and  of  mercury  illustrate  this.  " 

Experiment  1. 

tU™  "  TTf""'  ^'  ^  ''«^"  ^"'"bler  brimful  of  water,  and 
then  carefully  drop  „.to  it  coins,  buttons  or  other  bks  of  metal. 
Ihe  water  slowly  ri.ses  al>ove  the  top  of  the  gla..s,  appearing  to 
be  restrained  within  a  skin  v^hich  clings  at  its  edges  t«  the  glL 
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The  surface  becomes  more  and  more  convex  until  at  last  the 
skin  breaks  and  the  water  runs  over  the  edge. 

I-'ino  iron  dust  or  jjoUl-lcfif  rests  (piietly  on  the  surface 
of  wjiter,  though  the  former  is  7,  and  the  latter  19,  times 
as  dense  as  the  water.  In  both  cases  tliey  are  not 
heavy  enougli  to  break  tbroujjh  the  skin  on  the  surface. 
Remember,  }iowcver,  that  this  skin  is  made  of  li(iuid, 
thuu(,di  it  is  reasonable  to  suppose  that  the  constitution 
of  the  surface  layer  is  slightly  difierent  from  that  of  the 
rest  of  the  litiuid 

Experiment  2. 

Put  water  in  a  Iwaker  and  then  carefully  pour  alcohol  on 
top  of  it.  About  40  per  cent,  of  water  to  CO  per  cent,  of 
alcidiol  is  b(>st,  but  there  may  be  consi(leral>le  variation  from 
this  proportion.  Now  introduce  olive  oil 
into  it  i»y  means  of  a  pipette*  (Fig.  117).  If 
it  is  of  the  same  density  it  will  neither  .sink 
nor  rise  on  account  of  gravity.     It  assumes 


Fie.  117. 


a  splierical  form  as  though  an  enveloping 
skin  was  trying  to  compress  the  oil 

into  a  smaller  space.  For  a  given  volume 
a  sphere  has  less  surface  area  th.m  a  binly  of 
any  other  form,  and  in  assuming  this  shape 
the  potential  energy  of  the  surface  tends  to  a  minimum. 

Under  ordinary  circumstances  it  is  impossible  to  observe 
the  effect  of  surface  tension  as  exhibited  in  the  succe.s-sive 
.stages  in  the  formation  of  a  drop  of  water.  It  grows 
rapidly,  and  its  weight  causes  it  to  break  away  while  it 
is  still  .snuill. 

A  good  way  to  study  the  formation  of  a  drop  is  as 
foilowsf : — 

'Full  inatruotioiM  tor  performini;  this  experiment  in  the  mo«t  Mtiafactory  way  are 
sriven  in  "  Soap  Bubbles,"  by  C.  V.  Boys,  page  HI. 

IDcViMu  by  L'hauk  U.  DitrliuK,  Salurr,  VuL  83,  p.  37,  1910. 
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Experiment  3. 

Aniline  is  an  oily  liquid  which  at  ordinary  temperatures  is 
denser  than  water.  When  poure<l  into  water  it  does  not  mix 
with  it,  but  falls  tt>  the  bottom,  and  the  colour  assumed  by 
the  aniline  renders  the  surface  between  the  water  and  the 
aniline  clearly  visible  at  a  considerable  distance.  However 
when  heated  above  80°  C.  it  rises  to  the  surface  of  the 
water. 

Into  a  beaker  about  9  inches  high  ami  4J  inches  in 
diameter  pour  water  to  the  depth  of  about  7  inches.  Then 
add  about  KJ  c.c.  of  aniline.  Place  the  beaker  above  a 
burner  and  heat  gently  until  a  temperature  of  about  80°  is 
reached. 

The  hot  aniline  now  rises  to  the  surface,  spreafis  out,  and, 
coming  in  contact  with  the  air,  is  crK.led  and  collects  in  the 
form  of  a  drop,  an  inch  or  more  in  diameter,  hanging  down 
from  the  ma.ss  at  the  surface.  The  process  is  so  slow  that  it 
can  he  studied  in  detail.  As  the  drop  grows  in  size  a  neck  is 
formed,  which  after  a  while  gets  thinner  at  two  places ;  and 
when  it  breaks  away  the  large  drop  is  followed  by  a  small  one. 
If  the  temperature  is  maintained  at  about  80°  the  drops  will 
continue  to  be  formed. 

Observe  the  oscillations  in    the   form   of   the   drop   as    it 
descends. 

Various  stages  in  the  development  of  a  drop  of  water  are 
illustrated  in  Fig.  118. 


Fio.  118.-SUKe«  In  the  development  of  •  drop  of  water 
(from  photoirnph*  by  Boy^X 
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Experiment  4. 

Again,  take  a  ring  of  wiro  al)Out  2  inches  in  diameter,  with 
a  handle  on  it  (Fig.  U'J).  To  two  points  on  the  ring  tie  a 
tine  threati  with  a  loop  in  it.  Dip  the 
rin<'  in  a  soap  solution,*  and  obtain  a 
film  acn)s.s  it  with  the  loop  resting  on  the 
film.  This  film  is  a  thin  layer  of  water 
lK)unded  by  two  surfaces,  the  soap  making 
it  more  permanent.  Now  puncture  the 
film  within  the  loop.  The  film  which  is 
left  contracts,  becomes  as  small  as  possible  an<l  thus  draws 
the  loop  into  a  circle,  since  the  area  of  a  circle  is  greiiter  than 
that  of  any  other  surface  having  an  etjual  perimeter.  Note 
again  how  the  energy  of  the  film  tends  to  a  minimum. 

Tlie  surface  thus  acts  like  a  stretched  sheet  of  india- 
rubber,  and  exerts  a  tension  of  the  same  kind.  But 
there  is  a  difference  between  them.  The  tension  in  the 
sheet  of  rubber  depends  on  the  amount  of  stretching, 
and  may  be  greater  in  one  direction  than  in  another; 
whereiis  the  tension  in  the  soap-tihn  remains  the  same 
however  much  the  tilm  is  extended,  and  the  tension  at 
any  point  is  the  same  in  all  directions  along  the  tilm. 

Experiment  5.  t 

Dip  the  upper  edge  of  a  rectangular  glass  vessel  (a  projection 

tank)  into  melted  paraffin  wax, 
and  thei  carefully  pour  in  water 
until  its  surface  curves  over  at 
the  top  of  the  tank  (Fig,  120). 

The  surface  is  rounded  at  the 
edges  and  its  tension  causes  it  to 
shrink  to  a.«  snmll  an  area  as 
possible. 

On    the    surface    lay   a    thin 

laver  of  cork,  and  let  a  thread, 

*See  method  of  ureparation,  pave  2W>.        tThueii»«riment  ia  due  to  Prof.  Ksorick. 
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attached  to  one  end  of  this,  pass  over  a  little  pulley  (made 
of  a  piil-l>ox  with  a  needle  for  axis). 

On  pulling  the  string  gently  the  surface  is  stretched  to  a 
greater  area,  and  on  letting  go  it  springs  hack  to  its  oric^inal 
form. 

By  a.lding  bits  of  >>ent  wire  to  the  loop  on  the  end  of  the 
thread  the  stretching  of  the  sui-face  can  easily  he  observed, 
and  can  l>e  projected  on  the  screen. 

3.  Surface  Energy. 

To  inflate  >i  rubber  balloon  or  a  bicycle  tiro  or  to 
blow  a  s<,ai)-biibblo  requires  an  expenditure  of' work" 
and  when  these  bodies  contnict  they  exert  a  force  and 
thus  can  do  work. 

Experiment  1. 

Tlie  fact  that  a  soap-film  will  contract  and  exert  a  force 
can  be  well  shown  as  follows  :     Bend  a  wire  into  a  rectangular 

shape  (Fig.  121)  and  dip 
fc  ""  it  into  a  soap  solution. 

On  taking  it  out  it  is 
covered  with  a  film. 
Hold  it  horizontal  and 
across  it  lay  a  thin 
straight  wire  mn  ;  then 
puncture  the  side  Q 
of  the  film.  The  two 
stirfacos  of  the  film  P  which  is  left  exert  a  tension  on  the 
w.re  in  the  direction  shown  by  the  arrow,  and  draw  the  wire 
over  to  the  end  ab,  thus  reducing  the  area  of  the  film  to  as 
small  dmiensions  as  possible. 

By  an  experiment  somewhat  similar  to  this  the  magnitude 

t  hlZl        ''"''*"'  '^  ^  '""-''^^  "letermined  (see  Section 
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It  is  evident  that  tlie  greater  the  width  cd  of  the 
reetaiijrle,  the  greater  will  l«e  the  entire  force  drawing 
the  wire  in  the  direction  of  the  arrow,  i.e.,  at  right 
anirleH  to  the  axis  of  the  wire. 

Let  tlie  width  cd  of  the  rectangle  be  I  cm.,  and  let  the 
tension  exerted  by  "''h  surface  of  the  film,  on  each  cm. 
of  the  wire,  be  T  dyr  s.  Then  the  entire  tension  exerted 
upon  the  wire  by  the  two  surfaces  of  the  film  =  2Ti 
dynes.  If  the  length  ad  of  the  film  is  k  cm.,  the  work 
which  the  film  P  can  do  in  contracting  =  2Tlk  ergs. 

Just  as  we  say  that  a  bent  1k)W  or  a  stretched  sheet  of 
luliber  possesses  potential  energy,  so  we  can  say  that  the 
film  posses.ses  pf)tential  energy,  and  its  amount  is  ecjual 
to  the  work  which  it  can  do  in  contracting,  that  Is,  2Tlk 
ergs.  But  its  area  =  2lk  sq.  cm.  Hence  the  potential 
energy  per  sij.  cm.  =  2T:ik  ^  2lk  =  T  ergs. 

Again,  if  one  takes  hold  of  the  wire  and  moves  it 
to  the  right  (Fig.  121)  a  distance  x  cm.,  thus  increasing 
the  area  of  the  film  by  2lx  s(}.  cm.,  the  work  which  one 
does  is  2Tlx  orgs,  and  the  work  done  per  sq.  cm.  =  T 
ergs. 

Hence  we  have  the  relation :— The  meaaure  of  the 
surface  tension  of  a  liquid  is  equal  to  the  measure 
of  its  potential  energy  per  sq.  cm.  of  the  surface ; 
or  it  is  equal  to  the  measure  of  the  work  done  in 
enlarging  the  surface  of  the  liquid  one  unit  of  area. 

Remember,  also,  that  the  surface  tension  is  measured 
in  dynes  across  a  linear  centimetre. 

The  quantity  T  is  usually  called  the  Ooefllcient  of 
Capillarity. 
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TI,o  ,,„™,i„„  „f  „„,f„„.  i,.„„.„„  ,_,^^^^ 
I...  ..,„.,„1,.,,.„„„  „f  th.  ri»,  „f  H,,„i,is  i„  c„|„llary  „„r 

har),  h„t  tu.  subji^t  „f  „„.f„oo  t,.,„i„„   i,  .'  ^ctv 
b  .«.,    o„o   ,v,t  ,   nu,,,,™,,,  „,,p|i,,.ti„„,.     „„„„.    H   i^ 

capiUanty,  by  w)„ci,  ,t  ;»  .,o,„(..ii„a,,  k„(,„„. 
4.  Angle  of  Contact  or  OapUUiy  Angle. 

Wo  Imv,,  seen  that  whfii  a  plate-  of  glass  i,,  h.W  verti- 
cally ,„  water,  the  «,,„,,,.  „,,„«    it  tcehe,  the  11^ 
ZX"l^   above   the  level  of  the  ,ene.„   .su^^rac;' 


a 


Fio.  122. 


The  angle  which  the  tangent  to  the  liquid  surface 
where  it  meets  the  surface  of  the  solid  n.akes  with  the 
common  8urf.u.e  of  the  liquid  and  the  solid  is  called  the 
angle  of  contact  or  the  capillary  angle  (Fig.  122). 

The  size  of  th-s  angle  depends  on  the  third  medium, 
Hbove  the  hqu,d.  Tims  if  oil  is  used  instead  of  air  the 
a.^Ie  IS  much  altered.  It  also  depends  very  materially  on 
he  oondjfon  of  the  surfaces.  The  slightest  contamL- 
tion  on  the  surface  of  water  or  on  the  solid  will  alter  the 
angle  con.sulerabIy.  Figure  122a  illustrates  the  usual 
condition    for   water   and   glas.s.      With   perfectly  clean 
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wnter  ami  jjlii-ss  the  angle  of  contact  BAC  is  very  small, 
probably  zero,  but  >\ith  slight  contamination  it  may 
reach  90^  i.e.,  it  floes  not  rise  on  the  surface  of  the  glass 
at  all.  Figure  1216  illu.stnites  the  effect  with  mercury 
and  glass.  Hi-re  the  angle  of  contact  is  obtuse,  varying 
fi-om  129   toU3. 

5.  Rise  of  a  Liquid  in  a  Tube. 

Consider  a  tube  held  vertically  in  a  liquid  which  wets 
it  The  liiiuid  rises  on  the  outside  slightly,  but  on 
the  inside  to  a  considerable  height 
(Fig.  123). 

The  phenomenon  is  "  explained  "  by 
statinsr  that  the  attraction  of  the 
molecules  of  the  liquid  for  those  of 
the  glass  is  greater  than  the  attrac- 
tion of  the  molecules  of  the  liquid  for 
each  other.  The  surface  of  the  licjuid 
meets  the  glass  along  an  inner  circum- 
ference of  the  tulxi,  and  the  attraction 
exerted,  Jicross  this  line,  between  the  surface  molecules 
of  the  liquid  and  those  of  the  glass,  is  sufficient  to 
support  the  raised  column. 

Let  T  denote  the  surface  tension  in  dynes  per  cm. 
r       '*         "    radius  of  tube  in  cm. 
h,      "         "    mean  height  of  column  in  cm. 
P       "         "    density  of  the  liquid  in  gin.  per  c.c. 
^       "  "    angle  of  contact. 

The  force  T  acts  in  a  direction  making  an  angle  Q 
with  the  vertical ;  hence  its  component  in  the  vertical  is 
Tcosd. 


9. 


Fie   123. 
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TIjc  surface  of  ihv.  liqui'l  pulls  the  iinur  surfjice  <»f  the 
tulx!  inwunls  aii«l  downwiirils,  iictin<;  in  the  direction  of 
the  taii<;«!nt  Ui  the  lifjuid  surface  where  it  touclies  the 
tulxj,  and  the  reaction  of  the  tul)e  lifts  the  li<|uid 
upward. 

The  lenjfth  of  the  line  of  contact  of  liquid  and  inner 
surface  of  the  tube  =  27rr  cm.,  an<l  hfiice  tin;  total  force 
upward  in  the  direction  of  the  axis  of  tlur  tulw 
=  27r?*T  cos  0  dynes. 

This  bjilances  the  weight  of  the  rai.sed  colunui  <if 
liquid,  which  =  Trr'-lipif  dynes. 

Equatin*;  the  total  force  upwai-d  to  the  total  force 
downward,  we  have 

irr^hpg  —  2xr  T  cos  6, 

,  _,        hprn  .       2T  cos  0 

and  T  =„-'•,  or  A  =  . 

2  cos  8  pry 

Fr.^nj  this  wt'  see  that  /*  «  ,  or  the  height  to  which 
the  liquid  is  drawn  ap  is  inversely  proportional  to  the 

radius  of  the  tube.      With  a  very  siiuill  tube  the  rise  of 
the  liquid  may  Ije  considerable. 

In  a  glass  tul)e  of  ra<lius  1  mm.  the  water  rises  alx)ut 
1.4  cm.  Hence  in  one  of  radius  j  oVt7  """•  ^''^  '"J^^  would 
l)e  14  metres.  It  has  been  surmised  that  the  tlistribution 
of  sap  in  plants  is  partially  due  to  capillary  action,  but 
this  will  not  account  for  the  rate  at  which  water  rises  in 
trees. 

The  tube  of  a  barometer  should  be  large,  otherwise  a 
correction  for  wipillarity  is  necessary.  If  the  ttilxi  hius  a 
diameter  of  2  nun.  the  mercury  is  depressed  4.G  nmi.,  but 
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if  it  is  2  cm.  (about  0.8  inch)  or  }jre:iter  the  correction  for 
(l»jiri'.s.si()n  is  so  small  that  it  may  Ix;  n«'jjlected. 

6.  Attraction  and  Bepolsion  between  Bodies  on  the  Snrface 
of  Water. 

It  has  ofUm  been  noticerl  that  bubbles,  small  sticks  and 
straws  floating  on  still  wat«!r  apjx^ar  to  attract  each 
other.  They  jjather  in  groups  or  become  attjiche<i  to  the 
nli'e  of  the  cont^iinintj  vessel.  This  cHect  am  be  easily 
illustrateil  by  means  of  two  discs  sliced  off  a  cork,  placed 
on  the  surface  of  the  water.  When  they  get  within  a 
certain  distance  (about  1  cm.)  they  run  together.  If 
the  water  dotss  not  wet  either  body  they  will  still 
attract  ejich  other;  but  when  two  Uxlies,  one  of  which 
is  wet  and  the  other  is  not,  are  brought  near  together 
they  will  appear  to  repel  each  other. 

Tht'se  actions  can  l>e  explainefl  in  the  following  way. 
Let  P  and  Q  be  two  plates  suspended  by  threads  near 
t<jgether  in  a  liiiuid. 

First,  let  the  liquid  wet  both 
plates  (Fig.  124).  Let  a,  a  be 
points  on  the  surface  of  the 
n(|uid  at  its  ortlinary  level, 
away  from  the  plates,  and  c  be 
a  point  on  the  &ime  level  in 
tlie  li<iuid  between  the  plates. 
As  the  licjuid  is  in  hydrostatic 
t'Cjuilibrium  the  pressures  ex- 
erted by  the  liquid  at  these 
three  points  must  be  ecjual, 
each  U'ing  equal  to  that  of  the  atmosphere.  If  one 
iusoeiids  fi-om  c  towards  b  the  pressure  diminishes, 
while  if  one  descends  below  c  the  presaui-u  increases. 


no.  124. 
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Co„s..,uontly  tl...  pn-ssun.  of  th.  Ii,,„i.l  >,.t„,.,„  ,he 
pla  p  ,s  I.-ss  than  that  of  the  ufnosph.-n.  which  pn-Hsen 
on  ho  out.T  s,„tac..  of  th.  plat.s.  un.l  the  plates  will  }^ 
pnsh.-.l  to^'tth.T,  US  indicat.'.!  hy  the  an-ows. 

Next,    tak»!    two    plntes 
which  are  not  wet  !)y  the 
liquid    (Ficr.     125).      These 
may  fx;  plates  of  j,rla«H,  or 
ahiininiuin,    CijvemJ     with 
puratfiii.       Here    the    pres- 
sures at  (t,  a,  as  also  at  c 
between  the  plates,  are  all 
e'iiml,   each    Ijeinor   that  of 
one   atmosphere.     Hence 
the  i)resHures  at  h,  h  in  the 
outer  liquid  are  greater  than 
1       1  1  ^l'*-'  pressure  on    the    «wmA 

be  pushed  togetlier,  as  In'fore.  ^ 

Finally-,  let  the  lifpiid  wet 
one  pJate  but  not  the  other 
(Fij,'.  126). 

When  the  plates  come 
sufficiently  near  to^rether 
the  surface,  of  the  lifjuid 
between  the  plates  assumes 
the  form  shown  in  Fiir.  126. 
It  then  has  no  K-vi'l  portion. 

The  tension  of  the  surface 
on    the     outside     pulls    the 

I>iMt.s  with  the  force  T  in  the  horizontal  plane.     This 
t.nds   to   draw    the    plates   apart.     Ti.e   tension  of  the 


Fio.  126. 
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HurfiiO'  l)etween  the  plaU-.s  ext-rtM  nil  e(|Uiil  force,  l»ut  in 
»i  direction  making,  let  us  siiy,  the  angh*  a  with  the 
horizontal.  Resolvinj(  this  in  the  h(jrizontal  plane,  the 
force  (Jrawing  the  two  plates  toj^ether  is  T  cos  a,  anrl  as 
this  is  smaller  than  T  acting  in  the  opposite  direction, 
the  plates  will  V>e  drawn  apart. 

Sxperiment  1. 

Obtain  two  hollow  gla.S8  Imlis  aVxiut  2  cm.  in  diameter  and 
cover  one  with  paraffin.  Attach  a  weight  to  each  (with  wax 
or  otherwise)  so  that  they  may  float  rather  more  than  half 
immersed.  They  will  api)ear  to  rei)el  each  other.  If  both  are 
clean  gla-ss  or  lx)th  paraffine<l  they  will  attract  each  other. 

All  the  above  results  can  Ix;  deduceil  at  once  from  the 
principle  that  the  potential  energy  of  a  system  of  bodies 
tends  to  u  minimum. 

When  a  clean  plate  is  wet  by  a  liquid  in  which  it  is 
held  a  film  of  the  liquid  spreads  all  over  it,  not  just  up  a 
short  distance.  In  Fig.  124  the  entire  surface  of  the 
licjuid  consists  of  the  surface  an  ordinarily  considered, 
and  in  addition  a  thin  film  extending  over  the  plates  as 
indicated  by  the  dotted  lines.  The  plate  acts  just  as  if  a 
layer  of  paper  or  cloth  covered  its  surface.  In  Figs.  125, 
12(i  the  entire  surfaces  are  also  shown.  When  the  plates 
approach,  the  liquid  rises  in  Fig.  124  and  falls  in  Fig. 

125  W^hen  they  separate  the  portion  between  in  Fig. 

126  becomes  horizontal.  In  each  ca.se  there  is  a 
reduction  in  area,  and  therefore  in  potential  energy. 

7.  Maf^nitude  of  Stir£eM:e  Tensions. 
Experiment  1. 

Perhaps  the  simplest  way  to  obtain  an  ajiproximate  value 
of  the  surface  tension  for  water  is  to  us(j  a  bent  wire  of  the 
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f'Trn  shown  in  Viu.  127  with  ..      • 

;;-il  the  tendon  of  t,,el':i'Z 
'"'—  '^^  wei«l.t.  If  i,  i  21 
-->•   enough    a    .„.„„   ..ei.h       "v 

means  of  a  H„e  thread.  ""^ 

l^^    '-«th    of    the    p«.fc  ttJl"?''    '"   '"  ^»™^   -d 

•-"t    w.>e    on    which    it    roTT"  /     *   '"'^  ^"'"^*'   "^    the 

«••«    two    surfaces    exortin.    a    lli  ""^      ^'''"'    '^'^    '''«"^ 

Po'-t^    I-    gran..       Henc:    the    T     "'    ''*'''    ""''^'^'^^    -P" 

'•nee    the     tension     of     the     nurta 
i  ,  grams  or  -  1  "■'''  .  ^**'® 

Z**         •"'-^^T''>'"«Mwl.ere<,.980). 


per  cm. 


A  more  common  hh  uvii  „ 
°'»<Tvc.  tl,e  ri.se  of  'tl,„    Ci.lT  """"""^  """''"I  i- to 

"'™ "ie the fo,.„„„,. ;^v ' " ,: ;' "^"""ry ""«•■  -"j 

«vo,  or  ripples  „„  the "s,,  ,"'„f  r,,!7"'"7  "^  ™«ll 
Tl.c-  rel„,i„„  ,„t„,,.„  t,;;;,  ;  *'7'''».""  '<»<'»oe  te„sio„. 

B"t,.„„,e„.  Art.  V,„Ul„r,  A.ti2.  Vol  V,  p^'Sa^"" 
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Tlie  values  of  the  Hurfaco  ttwisions  of  varioun  liquidfl 
when  in  contjict  with  air,  water  or  mercury  are  giveu 
in  the  following  table : — 

Tablk  or  SrurACi  Timhiosm  at  20°  ('.     (In  .lyucii  per  cm.) 


Water 

Mercury 

Carbon  Bioulpkide 

Chloroform 

Alcohol 

OUvoOil 

Turpentine 

Petroleum 


t>«Mity. 

Tenaion  of  Hiiriar*  Hcfwntlnf 
the  Liquid  from 

Air. 
HI 

WMCf. 

Mercury. 
418 

1 

13  6 

.MO 

418 

1  27 

32 

42 

372 

1.49 

31 

30 

399 

.79 

26 

399 

.91 

37 

21 

SST) 

.89 

3U 

12 

250 

.80 

32 

28 

284 

The  values  in  this  table  are  according  to  Quincke,  a 
Oenuan  scientist.  Quincke  also  gives  a  definite  angle  of 
contact  with  glass  for  each  liquid,  but  more  recent  experi- 
ments with  perfectly  pure  liquids  and  clean  glass  lead  to 
the  conclusion  that  under  such  conditions  the  angle  is 


zero. 


8.  Pressure  within  a  Bubble. 

As  a  bubble  tends  continu- 
ally to  contract  it  is  evident 
that  its  inner  surface  must  exert 
a  pressure  upon  the  air  within  it 
Let  us  calculate  the  magnitude 
of  this  pressure  in  a  spherical 
bubble  iu  terms  of  the  surface 
tension  of  the  film. 

Let  the  radius  be  r  cm.  (Fig.  128).      Tlien  the  area 
of  each  surface,  outside  and  inside  =  Airr^  sq.  cm. 


e 
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=  ■*»■<'■-./■)••  srj.  cm. 
"""■■•<l-'l— .•■,c.i„,u,.,  „,■„„,,,  „„.,_^^ 
=  i-rrr-  -  4^  (,^  _   ,,^0^ 
=  4x  (2/'.c  _  ,^2)^ 

-   ^TT/./-  S(J.  cm. 

il>e  total  .locroase  in  area  of  Unh  sn.-F  •    .    • 

or  IC^rx  sq.  cm.  •''"rtaces  ,.s  twice  this 

Now  the  work  done  is  e.„ml  tn  i)       1 
potential  ene,^,  an.l  this  (.^p  .^  ^,  '"""^  '"  ^''^ 
-lecreaseinarea  x  surl.co  teni;;;n    ^   ^  "  ^'^"^  *^^  ^''^ 

A;xn.n.  l,,t  tho  pressure  exerte,!  In-  ih    fii 
^'ver  is  within  it   )o  P  (lvn..r;  ^  ^^'"  "I"'"  ^^'^'•'^t- 

'"•-^  of  the  suriaec         ^         ^'''  ''1'  "'"•     '^^''-'  «'"ee  the 

X,         ,.      „  =  47r>--sq.  cm., 

the  entire  force  inwanis  =  4^,r,.  ,.^ 

Tins  acts  thron^rh  a  distance  ..  cm     and   l"         : 

E<i-tin.  the  two  expressions  for  work  done. 
47r/-dV  =   KJTT/.,/]; 

or  p .  ^:i_ 


if;  '.'nMi,^  r-*»;::w^,'*":';«i.'»"3s»s«WB!aMiPifr2^ 
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In  the  case  of  a  spliorical  drop  of  wator  there  is  oiilv 

one  surface  exi'rtin<;  a  tension  and  so  the  pressure  exerted 

2T 
inwards  upon  the  water  within  =-—  dynes  per  sq.  cm. 

Experiment  1. 

Take  a  capillary  tube  bent  in  the  form  of  a  U,  and  fill  it 
by  drawing  water  thnmgh  it.  TIihh  put  a  larj^e  drop  of  water 
on  one  end  i>f  the  tul)e  and  a  small  drop  on  the  other. 

Which  gains  in  size  i     Why  ? 

In  place  of  the  bent  tube  two  straight  pieces  may  1h»  joined 
with  a  piece  of  rubber  tubing. 

9.  Illustrations  of  Surface  Tension. 
I±cperiment  1. 

If  small  fragments  of  camphor  are  placed  upon  the  surface 
of  clean  water  they  at  once  move  alxiut  almost  as  if  alive. 
The  camphor  dissolves  slowly  in  the  water,  and  the  surface 
tension  of  a  solution  of  camphor  is  smaller  than  that  of  pure 
water.  Consequently  it  the  camphor  dissolves  more  rapidly 
at  one  side  of  the  f ragmen  ♦■  than  at  the  other,  the  surface 
tension  on  the  first  side  will  be  diminished  and  the  greater 
sinface  tension  on  the  other  side  of  the  fragment  will  draw 
the  fragment  away. 

This  can  be  easily  shown  by  rinsing  a  glass  at  the  tap, 
filling  it  with  water,  and  then  scraping  with  a  penknife  small 
fragments  of  camphor  which  are  allowed  to  fall  upon  the 
surface.  They  dart  aliout,  but  if  the  surface  of  the  water  be 
touched  with  the  finger  the  movements  will  likely  cease,  being 
arrested  by  the  grease  from  the  finger  communicated  to  the 
water.  Very  little  grease  is  required.  Lord  Rayleigh  found 
that  0.8  milligram  of  olive  oil  on  a  circular  surface  84  cm.  in 
diameter  was  sufficient.  From  this  he  calculated  that  an  oily 
film  2  millionths  of  a  millimetre  in  thickness  is  sufficient  to 
arrest  the  camphor  movements. 
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Experiment  2. 
«)cohol  o„  tl,e  ,„,.fe      At  thin  r  ■""*  "  ''"'P  °' 

Experiment  3. 

Rinso  a  glass  under  the  tap  and  fill  if  ^uu        . 

scatter  lycopodiu.n  powder  as  in  7  K  .             ^  '"^''''  ^"'^ 

touch  the  n^id.ile  ./the  .surL l  th  fin ''''rr^     ""^^ 

'•uol>ed  against  the  htir      F         I  '""  ""'"''^  ^•^■''  ^^"^ 

finder  t..c:>ntan.i!^rte^^\vatrfd:T  -^"^  ^"""  ^'^  ^'- 
a.Kl  the  surface  J.ver  w  M         ,  "'"'  '''^  ""'"^'^^^  ^"«i"". 

the  finger  to;:!!:^^ ^     .^ef  ^^  r?r''^n  ^'^  ^''^^"^  ^^••-- 
from  the  powder.  ^""''^  ^*"  ^  «°tirely  free 

Experiment  4. 

'liinple  on  the  surface. 
Experiment  5.* 

Pour  clean  water  on  a 
I«vel  board  so  as  to  form 
■•i  shallow  pool   2   inches 
Kio.  1 .9.  "*'^f? '""1  -*  or  .3  feet  long 

-P  of  p,p..  .„,  „„  „„,  ,„„  p,„^^  f-  !:?4';:f  J';^  • 

.1,0  !:,r^ " "°"" """ '°  ■"-« »'"%'  "■•^  -rf- :.;.  f.;!.' 


J?«^RV^ 
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Flo.   131. 


Here  the  .soap  in  dissolving  weaknns  the  surface  film,  ami 
the  tension  in  the  otl  «r  portion  draws  tlif  surface  layer  awav 
froin  the  soap. 

Experiment  6. 

Cut  a  piece  of  j)aper  into  the  shape  of  a  fi.sh  (Fig.  130).     On 
its   tail    put   a   drop  of  aiuyl    alcohol 
(or  of  fu.sel  oil)  and   place  it   on  the   <— 
surface    of    clean     water.       Tlie    fish 
swinus    about   in    a    \ery    interesting  F'o-  130. 

way.     ^\'hy  does  it  stop  at  last  ? 

Cut  the  shape  of  an  "Q"  from  paper  (Fig.  131),  and  put  a 

^y^      ^  '  rop   of   amyl  alcohol  on    each   end   of   it. 

ri         /C^^^^      ^^  spins  alxjut  like  a  pin  wheel. 

\Vv/        U         By  using  a  shallow    dish   and  a  vertical 

attachment  these  motions  tan  lie  projecte<i 

on  the  screen. 

Where  the  amyl  alcohol  is  placed  the  surface  film  is 
weakened,  and  the  tension  in  the  other  parts  of  tiie  surface 
draw  the  surface  lilm  away  from  these  places,  causing  the 
motion  (>{  the  pieces  of  paper. 
Experiment  7. 

A  is  a  glass  bull),  with  a  smaller  one  be- 
neath it,  on  the  end  of  a  small  glass  tube 
(Fig.  132).  Mercury  in  the  lower  bulb 
makes  the  tube  float  upright  in  water.  At 
d  is  a  piece  of  wire  gauze  attached  (by 
wax)  to  the  small  tube. 

When  floating  in  water  a  considerable 
part  of  the  large  bulb  A  is  above  the 
surface,  and  it  requires  quit«  a  force  to 
push  it  down. 

Now    press    it    down    until    the    gauze  '"'■  "'^' 

touches  the  surface.     The  water  wets  it  and  clings  to  each 
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^2.  w"^:.""^'"""  ^"'  ^  -«-•«-  -  hoU,  the  tube  down 

rise,  as  shown  in  the 'figure      A  I         ''T  ^"""'^  '^^'^^  ^^^ 
surface  tension  "  ^''^"'«  ''"^  «^''«'-  ^^^kens  the 

''7'^^^tnrr^^^"'^-"'^--«-eonhe 

dLuensions  ^'    '"^    *'^  ^'"^  «-^^'« 

A  ^i^pler  fo,-™  of  the  apparatus  is  shown  in 

cork    ,..th  a  piece  of  lead  to  keep  u  -prLht 
In  place  of  the  wire  gauze  a  cardLrd  d  ;  rf 
njay  be  used.     This  can  be  pared  down  un      it 
>s  just  able  to  hold  the  cork  down 

In   this  case  the  disc   is  held    by   the   t^n 

the  g.u.e  the  ZrZ:^  'T'-  '''  '"^''  -""^  ^^ 
tension  is  greater  '  "^^  ""''^   ^'"^    «»  the  total 

Experiment  8. 

Two  simple  methotln  nf   „ 

base-i  on  surface  ten;:^l'Vhrf";r  f*^""  ''"""^  ^'"•*^'  "« 
face  tension  than  ben.ine.  H tc^  i'f  l'""/  T'^^'' ^"'- 
spot  on  a  piece  of  cloth  is  wetted  with  1  »      *  ^""" 

greatest  on  the  side  of  the  gre  le  C  LI  .  *'?  '^"^^""  " 
consisting  of  a  mixture  of  .,e  !e  ,™'"'^^  ^' "'' ^^"""""^ 
towards  the  grease  and  J^^Z  Z' 1!!::^  ^"'  ^  ^^^^^ 

inar:;^:^:::;r::if:Tn  '^-^^  ^^'^^'-^en^ne 

the  centre  of  the  spot      T.  ^^  ''  '"""»  ''  "^•^'•-  ^ 

-••idleof  thespo  afd  ,  Jfif ",  ^''  "^  ^^'"^^'"'  ^  *''« 
paper  is  placed^  in  eont?;;  It^S^  ^  '''  ''""^"^- 
e.-capeintoit.     If  the  benWn«  K  ^.  '     ^  «''''''^®   ^'" 
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Tlie  second  method  is  to  apply  a  liot  iron  to  one  side  of  the 
cloth  and  hlottinj,'-papf'r  to  tho  other.  The  surface  tension 
iliiniiiiNliPH  lis  the  tL-nipeniture  rises.  Hence  the  grease  draws 
aw.iy  from  tlie  hot  iron  and  escapes  into  the  blotting-paper. 

Try  these  two  methods. 

Applications  in  Agricultural  Processes. 

10.  Water  in  the  SoiL 

Surfiico  tension  undotibtodly  phiys  an  important  part 
in  a^ricultura!  processes.  The  moisture  in  a  soil  may  be 
considered  as  attributable  to  three  soui-ces : — Gravitation 
water,  capillary  water,  and  liy«,aoscopic  water.  Gravita- 
tion water  is  that  portion  in  excess  of  the  amount  which 
tlie  soil  is  able  to  retiiin  under  e.Kistin;;  condition.s  and  is 
cons  jUently  free  to  drain  away.  The  ciipillary  water  is 
that  part  which  would  be  retained  in  the  small  spaces 
Ix'tween  the  grains  of  the  soil,  and  which  is  capable  of 
movement  throii<,di  the  action  of  its  surface  tension.  The 
hy<rr(wcopic  water  is  that  found  on  the  surface  of  the 
irrains,  and  which  is  not  movable  either  by  gravity  or 
capillary  forces. 

The  pro{x)rtion  of  the  moisture  present  at  any  time, 
which  is  to  be  credited  to  each  of  these  three  sources 
varies  greatly  with  the  circumstances,  and  no  sharply- 
drawn  line  separates  one  from  the  other.  We  shall  not 
consider  the  hygroscopic  water  any  further,  though  it 
has  been  found  that  air-dned  samples  of  8<jil  from  which 
all  visible  evidences  of  moisture  have  disappeared,  will, 
by  prolonged  heating  at  temperatures  alx>ve  the  Ixjiling- 
point  of  water,  be  still  further  reduced  in  weight  by  8  or 
10  per  cent. 

11.  Capillary  Water  Between  Small  Bodies. 

Take  two  perfectly  clean  gl.'iss  spheres,  and  put  a  drop 
of  clean  water  on  each.     It  spreads  out,  forming  a  very 
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thin  film  over  the  entire  surface  (Ficr  134,,) 
the  two  splu.n-s   ho   hn.ught  close   tom-ther. 


00 


Next,  let 
The  two 


Fio.  1340. 


00 

Fio.  1346. 


water  films  un.te  to   orm  a  .ingle  one,  and  in  order  that 
the  exton   of  th.   .surface,  arul  hence  the  potential  ener..y 
may  be  the  lea.st  possible,  the  water  i.s  drawn  into  tt' 
space   between  the  two   spheres  (Fig.   im).     If   ,„ore 


cx)00 


F18.  134«.  F,o.  i^a. 

water  is  added  it  takes  the  form  shown  in  Fi.  I34e 
As  the  an.ount  is  still  further  increas.<l.  the  force  of 
granty  n.ake.s  itself  n.ore  evident,  and  the  water  collects 
at  the  bwer  face  (Fig.  134,/),  ultin.ately  fonning  drops 
and  alhng  away.  If  a  nnn.ber  of  spheres  are  a^range'd 
n  a  layer  tonclung  each  other  the  water  will  gather  in 
the  spaces  where  they  touch,  and  al.so  on  the  lower  f,ice 
OS  the  amount  of  the  water  is  increa.sed 

Suppose  now  we  (.ake  two  laye.-s  of  .such  spheres  (Fig. 
1.^0).    The  water  will  gather  on  the  surfaces  adjoining  the 

points  of  contact,  being  held  There 
by  surface  tension,  and  that  portion 
which  the  surface  tension  ca.mot 
hold  up  will  run  down,  under 
gi-avity,  to  the  lower  surface  of  the 
bottom  spheres,  there  gathering 
into  drops  and  falling  awav  as  the 
amount  of  water  \h  incre-ised       Tl  ^'^y  as  the 

iucrea.->La.      ihe  amount  of  water 
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j;athering  on  tlu;  Ixittom  is  considerable,  and  if  the 
spiicrfs  are  arranijcd  in  two  layers  they  will  not  liold 
as  much  water  as  wlieii  arranged  in  a  single  layer. 

12.  The  Action  in  the  Soil. 

We  must  consider  the  soil  to  l)e  made  up  of  small 
Ixwlies  with  small  interstices  betw«'en.  .Sui)pose,  now, 
we  pack  100  cubic  inches  of  soil  into  100  cubical 
boxes  without  top  or  lx)tt<}m,  each  containing  one  cubic 
inch. 

Let  us  slowly  add  water  to  each  until  at  last  it  is 
just  ready  to  drip  from  the  bottom.  Then  the  soil  is 
saturated. 

Thei-e  are  air-spaces  all  through  the  soil,  so  that  sur- 
face tension  am  act  throughout  the  volume,  but  the 
greatest  area  of  exposed  surface  is  at  the  top  and  the 
botto!n,  and  there  the  action  of  surface  tension  is  most 
effective. 

Now  let  the  100  cubic  inches  be  built  up  into  a  vertical 
column  100  inches  high.  Instead  of  having  200  scpiare 
inches  of  free  surface  there  are  only  2,  and  the  total 
action  of  the  surface  tension  is  greatly  reduced.  As 
a  conse<|uence  the  soil  caniujt  support  all  the  water 
in  it  and  it  begins  to  drain  away  under  the  force  of 
gravity. 

13.  Evaporation  at  the  Surface. 

The  water  at  the  upper  surface  evaporates,  and  its 
place  is  supplied,  as  far  as  po.ssible,  by  water  drawn  up 
by  surface  tension.  The  depth  from  which  water  can  be 
rais.'(l  by  cjipillary  action  differs  in  different  soils  and 
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for  m-rn-ut  ooiirlitions  of  th.-  soil.     The  Hnor  the  texture 
IS,  the  hiirher  th.;  i)o.s.sn)le  rise. 

ExiMri,n.-„t  has  shown  that  eapilhirv  movement  can 
take  place  thnni-Ji  a  column  5  feet  in  hei-ht.  In  this 
cas..  the  soil  must  he  moist  to  he^nu  ,vith.  On  the  other 
hand,  if  the  soil  is  well  dried  the  capillary  rise  may  be 
less  than  1  f(K)t. 

It  has  Ix'en  shown,  also,  that  cvajwation  fr.)m  soil 
tak.'s  place  entirely  from  the  lavei-s  very  near  the 
siirface. 

14.  Eetaining  the  Moisture  in  the  Soil 

The  problem  of  preventi.i<;  the  rise  of  the  water  to  the 
surtace  and  its  loss  by  evapc.ratio.,  is  a  very  in.portant 
one,  especially  ni  those  countries  where  there  is  no 
rauifall  for  UK^nths  in  succession  or  where  the  entire 
yearly  rainfall  is  small,  not  more  than  ten  or  fifteen 
inches. 

It  has  l)een  found  that  if  a  soil  after  a  rain  is  exposed 
to  very  arid  conditions,  with  a  hi<rh  surface  temperature 
and  a  liot  dry  wind,  the  soil  at  the  .surface  will  Icse 
water  much  faster  than  it  can  be  brou^rht  up  from  below 
by  capi.iar--  action,  and  a  layer  of  dry  soil  may  be 
formed  on  the  surface  which  will  be  so  dry  that  it  will 
act  as  a  protectin<i^  coverinf^. 

One  of  the  most  effective  means  of  conservin<'  soil 
moisture,  however,  is  by  "  mulchin-"  i.,'.,  by  covx^-ina 
the  surfac(>  of  the  soil  with  some  loo.sely  packed  material 
such  as  straw,  leaves  or  stable  manure.  The  spaces 
l)etween  the  parts  of  such  substances  are  too  larije  to 
admit  of  capillary  action,  and  lience  the  water  conveyed 
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to  the  surface  of  the  soil  is  prevented  from  passing 
upwards  any  further,  except  by  slow  evaporation  tlirou^h 
the  uuilchinj^  layer.  A  loose  layer  of  earth  spread  over 
the  surface  of  the  soil  acts  in  the  same  way,  and  the 
same  effect  may  Ixi  attained  by  ho«!injj  the  soil  or  stirring 
it  to  the  depth  of  one  or  two  inches  with  harrows  or 
other  implements. 

In  the  semi-arid  regions  of  the  United  States, 
Argentina,  the  Canadian  West  and  other  countries,  in 
which  the  average  rainfall  lies  l)etween  10  and  20  inches, 
good  crops  of  selected  grain  can  be  grown  by  proper 
cultivation. 

In  some  ca.ses  only  one  crop  can  be  grown  in  alternate 
yeare,  the  year  of  no  crop  being  used  to  preserve  the 
moisture  in  the  soil.  In  our  Canadian  West  during  a 
dry  season  it  h  found  that  land  which  was  "  summer- 
fallowed  "  the  year  before  produces  the  heaviest  crop. 

Application  to  Dyeing  and  Filtration. 
15.  The  Process  of  Dyeing. 

There  is  great  variety  both  in  the  materials  to  be  dyed 
and  in  the  colouring  matter  to  be  applied  to  them,  and  we 
are  not  surprised  to  find  that  the  phenomena  observed  in 
the  process  of  dyeing  are  very  complicated.  No  single 
hypothesis  as  to  the  nature  of  the  action  taking  place 
will  account  for  all  the  results  obtained. 

In  some  cases  chemical  action  undoubtedly  takes  place ; 
in  others  the  process  is  probably  physical,  and  there  is 
evidence  that  capillary  action  or  surface  tension  is  of 
great  importance. 
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Experiment  1.* 

InU>  vessel  A  (Kig.  ]:\C,),  ,M,ur  ,l,.,i„  wat.-r,  an.l  int..  vessel  R 

a  wfvik  Mtluliiin  of  .sajmninc  (1  j^'nuii 
of  saponine  to  fidO  c.c.  of  wafor.) 

Hold  a  capillary  tuKf  in  A.  Th** 
water  rises  to  level  n.  Then  re- 
move tlie  tul)e  and  hold  it  in  B. 
The  lifpud  now  i  isp.s  only  to  level  h, 
consideralily  Ix'low  level  a. 

This  shows  that  the  sap«»nine  solu- 
tion has  a  smaller  surface  tensitm 
than  clean  water  has. 

Now  draw  the  solution  in  B  up 
to  the  level  ,;  and  let  it  -,'o  suddenly. 
The  column  rapidly  falls  tu  level  a  and  then  settles  less  rapidly 
down  to  b. 

While  falling  from  '•  to  a  the  liqui<l  at  the  surface  is  l)eing 
renewed  constantly,  and  so  the  constitution  of  the  surface 
layer  is  very  approximately  the  wime  as  that  ..f  the  solution 
generally,  which  is  little  dilJorent  from  pure  water.  However, 
in  a  few  secoi.Js  some  of  the  saponine  conoentrat*>s  at  the 
surface  and  produces  a  reduction  in  tiie  surface  tension.  This 
gradual  reduction  is  seen  in  the  slow  sinking  of  the  column  to 
its  final  height. 

From    this   experiment    we    get    a    very   important   result. 

When  a  substance,  on  being  dissolved  in  water, 
reduces  its  surface  tension,  there  is  a  concentration 
of  the  substance  in  the  surface  layer. 

This  conclusion,  indeed,  is  predicted  from  theoretical  con- 
siderations based  on  the  laws  ..f  thermo-.lynamics,  a.id  it  can 
lie  veririi'<l  l.>y  many  other  experiments.'  As  stated  above 
(page  2;K))  a  system  always  endeavours  to  change  so  as  to  have 
the  least  possible  potential  energy.     When  such  a  substance 

■The  cxp«nuient8  in  this  section  were  iuifuested  by  I>rof.  Kenrick! 
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t»oe«  int4»  the  Mirface  it  rp«luce8  tlie  sm-fftce  pnprjjy,  tliUH  con- 
tributing t<)  a  nnluetion  in  the  total  p4>t<>ntial  t-nerj,'}'. 

It  is  t<j  b«  »»J)serve<l  that  tlie  Hurfaco  lay«r  in  exccssivt-ly 
thin  8u  that  the  actual  amount  of  niatt^T  conctnitrat***!  there 
need  not  be  great. 

Experiment  2. 

Moisten  lx»th  sides  of  a  piece  of  paj)er  and  lay  it  on  the  sur- 
face of  clean  water  in  a  large 
photographic  tray.  Allow  a  thread, 
attached  to  one  side  of  it,  to 
hang  over  a  glass  nnl  or  over 
the  edge  of  the  tray  if  it  is  very 
snuKjth. 

Tlie  tension  of  the  surface  is  the 
same  in  all  directions  in  its  plane, 
and  hence  is  the  same  in  the  two 
directions  a  and  6  (Fig.  1.37).  The 
slit,'htest  force  on  the  pa|><'r  will  move  it  in  the  direction  in 
which  the  force  acts. 

Add  a  small  weight  (a  bit  of  b<>nt  wire)  to  the  end  of  the 
thread.  If  this  is  sufficient  to  overcome  the  friction  of  the 
thread  on  the  glass  rod,  the  paper  will  move  in  the  direction 
a  with  a  certain  speed. 

Next,  in  place  of  the  pure  water  use  a  solution  of  methyl 
violet  (1  gram  to  4  litres),  which  reduces  the  surface  tension 
of  the  water.  Allow  the  solution  to  stand  for  a  few  minutes 
before  placing  the  paper  on  it. 

Observe  the  rate  at  which  the  paper  is  drawn  aside.  It  is 
not  so  great  as  before  ! 

This  arises  in  the  following  way.  When  the  paper  is  dis- 
placed in  the  direction  a  it  exposes  new  surface  at  b.  This  at 
first  is  practically  the  same  as  pure  water,  which  has  a  greater 
surface  tension.  Hence  the  surface  tension  pulling  the  paper 
in  direction  b  is  greater  than  that  in  direction  a,  and  the 
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mc.t,o„  .akoH  place  o„Iy  ««  the  newly  exjK.«l  .u,fac«  Jn^omee 
c..Mc..,.tr«U.|  and  so  is  the  nan.e  u«  on  the  other  h.,1.,  of  the  paper. 
TluH  explanation  can  also  U  verif.e-l  hy  ren.ovinVVho 
weight  an<l  then  pulling  the  thn-a.!  by  the  hand.  On  letting 
go  tlw,  water  surface-t^nHion  at  h  will  draw  back  the  paper  in 
tlirtt  <lirc'ction.  f^-t^*  »" 

Place  a  niat<.h  on  the  surface  ami  drive  it  endway..     It 
Htu-kM  as  though  there  were  a  scum  on  the  surface 

Finally  stir  the  solution  and  try  the  ex,«riment  with  the 
paper  an.l  the  nmfch  at  ..nee,  U,  l.fore  the  surface  has  become 
concentrate.!.      It  acts  like  that  of  pure  water. 
Experiment  3. 

Make  a  solution  of  n.ethyl  violet  (1  gram  to  4  litres  of 
water).  About  one-third  till  a  large  separ  ing 
funnel  (Fig.  138).  Shake  vigorously,  causing 
froth  to  gather  alxjve  the  liijuid. 

I^t  it  stand  4  or  5  minutes  to  allow  the  liquid 
iM'tween  the  hubble.s  to  run  down.  Then  drain 
off  all  the  liquid  which  has  collectetl  Call 
this  solution  A. 

Next,  let  it  stand  for  4  or  f)  minutes  more,  to 
allow  the  froth  t^  settle,  and  then  draw  off  the 
liquid  formed  from  it.     Call  this  solution  B 

of  wu....        .       ^""'  """^^  *  '"•'"^'""  ""^  ''  ''■''■  of  A  to  20  CO. 

«.it.,    and  p<,ur  ,„  one  side  of  a  double  ghiss  vessel  with 
I'lane  s.des  (Fig.  l.-{9).  ^^ 

Make  a  .solution  of  1  c.c.  of  p.  to  20 
c-c.  of  water,  and  pour  in  the  other 
side  of  the  vessel. 

Place  the  ve,s.sel  in  the  lantern,  and 
project  on  the  screen,  or  hohl  it  i„ 
front  of  a  piece  of  white  pai,er  or  up 
to  the  window. 

It  will   be  found  that  the  .second    Rolution    i.  of  a  H 
colour  than  the  first.  *  '^'"'^'' 
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TIlis  r««ult  in  oxplninmi  hh  follows  : — Methyl  violet  when 
(lisHoived  in  water  re<luce8  tli«  Nurfwe  t«Mision  <>f  the  water, 
jintl  any  sulwiance  which  (hmn  that  concentrateM  at  the  uurface. 
The  huVihlex  of  froth  have  much  surface  compare<i  to  their 
niaNH,  and  the  mctliyl  violet  iH  concentrute<I  on  their  surfaceH. 

H»'nce  the  liijuid  fortnnl  from  the  huhbles  contninn  more  of 
the  (lye  per  c.c.  than  does  the  li(|uid  first  drained  off. 

The  proportions  in  the  two  solutions  con)|»arcfl  must  bo 
accurately  the  wime  as  the  difference  in  colour  is  only  slight. 
I'se  a  1  c.c.  and  a  20  c.c.  pipette,  previously  rinsing  out  with 
mnna  of  the  liquid  to  Ik;  mcasunHl. 

If  froth  does  not  form  on  the  solution  make  a  new  one  with 
fresh  water. 

Experiment  4. 

Place  a  drop  of  a  weak  solution  of  re«l  ink  on  white  filter  or 
blotting  paper,  and  observe  how  it  spi-e>uJ».  When  the  action 
hiis  ceased  it  will  Ihj  found  that  the  ntl  colouring  matter  has 
spread  a  certain  distance,  but  the  water  in  the  solution  has 
gone  a  considerable  distance  farther. 

A:»ain,  place  drops  of  a  dilute  solution  of  bariund  hydroxide 
and  an  alcoholic  solution  of  piuMiol  phthaiein  n»  ar  toijether  on 
filter  paper  ar>d  allow  them  to  spiead  into  each  other.  The 
l)cautiful  pink  colour  resulting  when  these  t  vo  substances 
combine  i\(X's  not  appear  at  the  edge  of  the  drop  of  Itarium 
hydroxi<le,  but  some  distance  within  it.  The  outer  |)orti(m  of 
the  i-ound  sjKjt  coming  from  the  Wrium  I.ydroxide  is  pure 
water,  the  solid  having  been  left  behind,  nearer  the  centre  of 
the  spot. 

Many  solutions  of  salts  or  of  dyes  exhibit  this  phenomenon, 
the  water  diffusing  amongst  the  fibres  of  the  paper  and  leaving 
the  dis.solved  sulwtance  behind  upon  the  fibres. 

Still  more  striking  and  l»eautiful  effects  are  obtained  with 
solutions  of  two  dyes.     Make  a  dilute  solution  of  picric  acid 
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aiKl  ciocoin  sr-urlet,  ,ir,.i  ,,„t  sevral  .Iroj.s  „n  wl.ito  filter  pajn^r 
(supp„rt...l  o„  tl...  top  <,f  a  Leaker).  Wl.en  the  si.rea.li..sr  has 
ceased  there  will  he  s-en  a  lar-e  sfxit  of  red  with  a  yc^llow 
fruigo,  a  id  this  surrounded  by  clear  water.  The  picric  acid 
diHuses  more  freely  tlian  the  scarlet. 

A  solution  of  acid  maj^enta  and  indijjo  sulphate  of  .scnla  will 
give  an  indigo  spot  fringed  with  magenta. 

Instead  of  putting  drop.s  on  the  paper,  a  strip  of  filter  p.aj)er 
may  ho  susiK-n.ied  with  its  lower  end  in  the  solution.  The 
cle  u-  li.piid  rises  highest  and  usually  one  colour  higher  than 
ihe  otlier,  if  two  are  present. 

These  experiments  are  ea,sy  to  perform,  and  the  results  are 
beautiful  and  suggestive. 

The  jiction  Hliistrated  in  tlie  above  experiinonts  is 
alni<.st  certainly  present  in  some  cases  of  flveinjr.  The 
coloured  solution  comes  in  contact  with  the  si;rface  of 
the  material  to  be  dyed ;  the  tension  of  the  surface  there 
IS  reduced  and  the  colourin<r  matter  concentrates  at  the 
surface  and  is  .leposite-l  on  the  niaterial.  Probably 
with  some  materials  the  water  of  tlie  coloured  solution 
passes  freely  througli  the  cai>illary  spaces  leaving  tlie 
particles  of  the  dye  behind  on  the  material. 

16.  Surface  Tension  in  Filtration. 

Filters  can  be  divided  into  two  classes. 

In  filtering  solid  impuritie.s,  or  a  precipitate,  from  a 
li.lUKl.  the  filtering  material  (paper,  cloth,  sand,  etc.) 
has  interstices  through  which  the  liquid  c^m  pass  but 
the  solid  particles  cannot.  Surface  tension  does  not 
enter  here. 

It  luis  been  known  for  many  years  that  neutral  filters, 
such  as  sand  in  layers,  will  remove  colouring  matter  and 
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to  some  extent  sjilts  in  solution.  This  filtoring  action  is 
umloubte<lly  intiinutcly  coiinectod  witli  the  birjje  ainouiit 
of  surface  of  tlie  particles  presented  to  the  li(jui<l,  the 
f^reater  the  surface  the  stronger  l)eing  the  action. 

If  a  dilute  solution  of  iicetic  aci<l  is  filtered  through 
tine  white  sand,  nothing  hut  pure  water  will  |X'rcolate 
through,  the  whole  of  the  acid  l)eiiig  kept  back  hy  this 
action.  Dilute  solutions  of  various  other  substances 
show  a  similar  action. 

In  experiment  4,  above,  the  red  matter  in  the  ink,  and 
the  solid  in  the  solution  of  barium  hydroxide  were  held 
back  while  the  pure  water  flowed  on. 

The  action  in  the.se  crises  is  certtiinly  a  surface 
phenomenon,  probably  explainable  in  the  same  manner 
as  the  phenomena  of  dyeing  just  described  above. 

It  may  be  well  to  remark,  however,  that  in  the 
purification  of  water  by  filtration  other  considerations 
enter.  For  a  long  time  this  w.is  looked  upon  as  a 
mechanical  process  of  straining  out  the  solid  particles 
and  thus  rendering  turbid  water  clear.  But  now  it  has 
Ixien  shown  that  in  sand-filtration  of  water  on  a  large 
scale  an  essential  feature  is  the  presence  in  the  upper 
surface  layer  of  the  sand  of  colonies  of  bacteria  fonning 
Jelly-like  masses.  Not  until  a  fine  film  of  mud  and 
microbes  has  been  formed  upon  the  surface  of  the  sand 
are  the  best  resulta  obtained. 
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EXERCISE  XLIL 


'•   K^F'I-"  why  U.0  en.l  of  .  stick  ..f  Healing..,,  ^hen  held  in 

2.   Why  are  small  drops   of   mercury  resting   on  a  horizontal 
surface  more  nearly  spherical  than  larger  ones?  ''""^""^J 

diametef  "^'*'"  "'"  "'"''^  *^"""  '"  *''"'"'"«  "  '^"^^^  ''"'''^1"  ^^  "»•  i" 

tivet  '^;";''""^^  "f  mercury  1  mm.  and  2  mm.  in  diam.-ter.  respec- 
tively, coalesce.  Compare  the  pressure  within  the  li,,uid  due  to 
surface  tension  n.  the  two  original  drops  and  in  the  onl  formed  bv 
men  union.  * 

5.   When  a  soap  huhble  bursts  the  water  from  it  is  thrown  in 
every  direction.     Account  for  this. 

tin  'wm ''"'''"  ''''  ^S'""  "'  "^'^'^^  ^"^  ^'^'^''^  «'«="'-'  «"<'  turpon- 
o  will  rise  ui  capillary  glass  tubes  1  mm.    in  diameter.     (For 

-urface  tensions  and  densities,  see  Table  on  page  249.) 

7    One  soap  bubble,   8  cm.    in.  diameter,  is  on  one  end  of  a 

l^V      r        ''  '  ""•   '"  ''■"'"'^^'•'  '«  ""  the  other  end.     If 

in  .  l.,UKl,  hav.ng  deu.s.ty  ,,  surface  tension  T  and  angle  of  contact 
«.     bhow  that  the  height  h  to  which  the  liquid  will  rise  is 

2T^co8  6 
grd 

Compare  this  with  the  height  in  a  cyli.dricd  tube  whose  diameter 
18  equal  to  the  dist.u.ce  between  the  plates. 

(Consider  the  equilibrium  of  a  portion  of  the  liquid  between  the 
plates  1  cm.  in  length.) 

Solution  for  Soap-Films  and  Bubbles. 

A  solution   of   Castile  8..ap   and   rainwater,   with  some  Price's 
g lyeenne  add.    to  make  the  film  h.t  longer,  u  il,  probab.;  ailTe 
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The  folkiwing  is  the  reci])e  reco  imendc<l  by  Reinold  and  Riicker 
and  by  Boys.  Fill  a  stoppered  Ijottle  three-fourths  full  with  distilled 
water,  add  one-fortieth  by  weight  of  fresh  oleate  of  8<xla,  and  leave 
for  a  day  to  dissolve.  Nearly  fill  the  bottle  with  Price's  glycerine, 
and  shake  well.  Leave  the  bottle  a  week  in  a  dark  place,  and  then 
with  a  siphon  draw  off  the  c!ear  liquid  from  under  the  scum  into  a 
clean  bottle,  add  a  drop  or  two  of  strong  ammonia  solution  to  each 
pint,  and  keep  carefully  in  the  8topi)ered  lK)ttle  in  a  dark  place, 
filling  a  small  working  bottle  from  it  when  recpiired,  but  keeping 
the  stock  Imttle  undisturbed  and  never  putting  any  Imck  into  it. 
Do  not  warm  or  filter  the  solution  and  never  leave  the  stopper  out 
or  expose  the  liquid  to  the  air. 


SeferencM  to  Works  on  Surface  Tension. 

Encyclopedia  Britannica,  11th  Ed.     Art.  "Capillary  Action,"  Vol. 
V,  p.  256. 

C.  V.  Boys,  Soap  BiMles.     (Full  of  fine  experiments  with  instruc- 
tions for  performing  them.) 

Edwin  Edser,  General  Physics  for  Stiidentit,  Chapters  TX  and  X. 

Maxwell,  Theory  of  Heat,  Chapter  XX. 

Tait,  Properties  of  Matter,  Chapter  XII. 

BuUetiiui  of  the  U.S.  De{>artment  of  Agriculture,  Washington,  D.C., 
especially  No.  10. 

W.  P.  DiUL&PKR,  Chemidry  and  Physics  of  Dyeing. 


CHAPTER   XIX. 


THE    F[/)\V   OK    FU'lDs. 

1.  Services  Obtained  from  Flowing  Fluids. 

From  an  ..our.o.nic  p,int  of  vi.-w  the  stu.ly  of  tlie  laws 
of  ilon  ...i.  llui.is  is  of  .nvtt  i.nportanoo.  luunense  stores 
of  enerjry  are  jMesent  in  tl,e  waters  of  <,ur  rapi.l  rivers 
;i"*l  "i  or.l<.r  to  utilize  it  we  must  know  the  laws  accor.I- 
■n^'  in  which  they  n.ove.  In  the  systen.s  of  waterworks 
>"  our  euies  and  towns  the  water  is  pun.{3ed  into  iron 
])il».s,  from  which  it  is  drawn  for  domestic  use  for 
ruumuir  .levators  an<l  water  motors,  and  for  other 
nidustrial  purposes. 

Air  and  stea.n,  forced  throu^jh  pipes,  are  used  for 
actuatn.^  dr.Ils  f.,r  driving,  turbine  and  ordinary 
on,.n.s,  tor  applyn..  tho  brakes  on  railway  trains  and 
st.eet  cars,  for  heutmj;  buildin^^s  and  for  numerous  other 
purposes. 

A^.iin,  our  winos  are  currents  in  the  air,  their  motion 
J-.n^.  shown  n.  the  swaying,  of  trees,  and  in  the  sweep- 
....<'  onward  of  cl<,u<ls  in  the  sky  or  of  clouds  of  .lust  and 
■smoke  at  the  surface  of  the  earth. 

It  is  therefore  evident  that  a  knowle.l^re  of  the  laws 
m  accordance  with  which  rtuids  n.ove  is  of  the  hi.d.est 
■  lu^     The  ph..non.ena.  however,  are  v.-ry  con.plictted, 
|U|d^U.edetermwuaK>n   of   their   k^^^ 
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2.  Steady  Motion. 

Consiik'r  the  water  ii>ovii><^  forwfinl  in  a  river  or 
flowing  in  a  pipe  wliich  hius  a  vuiying  diameter,  and 
which,  pt'rhaps,  has  a  varying  direction.  If  we  could 
colour  the  particles  of  water  in  successive  cross-sections, 
thus  rendering  it  possihle  to  trace  their  motions,  we 
would  probably  Imj  surprised  to  see  the  extraordinary 
way  in  which  some  of  them  e<ldy  alwut  instead  of 
simply  moving  forward.  The  particles  near  the  shore 
and  l)ottom  of  the  river,  or  near  the  surface  of  the 
containing  pipe,  are  continually  being  thrown  into 
eddies. 

But  it  is  evident  that  if  the  source  of  supply  is 
perfectly  constant,  the  flow  will  V)e  continuously  uniform, 
and  the  particles  in  one  cross-section  will  follow  ajjproxi- 
mately  the  same  paths  as  those  in  the  preceding  one. 
For  example,  if  a  vessel  is  kept  constancy  full  by 
allowing  water  to  run  unifomily  into  it  from  a  reservoir, 
and  if  the  water  is  permitted  to  escape  from  an  opening 
anywhere  in  the  vessel,  the  motion  of  the  particles  which 
pass  any  fixed  ptiint  in  the  vessel  will  be  the  same  at  all 
times.  If  a  water-sprite  could  stand  in  the  liquid  and 
mark  each  particle  as  it  came  along  in  a  cei-tain  direction 
to  that  point,  all  of  these  particles  would  l)e  seen  to 
follow  the  same  curved  path. 

Motion  such  as  that  just  described  is  called  Steady 
Motion  or  Simple  Flow;  and  the  lines  imagined  to 
be  drawn  in  the  liquid  so  as  to  be  at  each  point  in 
the  direction  of  the  flow,  or,  in  other  words,  the 
lines  along  which  the  particles  travel,  are  called 
Stream  Lines. 
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Thus,  onsidor  steady  motion  through  a  pipe  with  a 


Fio.  HO. 

contraction,  or  throat,  in  it  (Fig.  UO).     The  fine  lines 
indicate  the  form  of  the  stream  lines. 

U't   us   consider  the  stream   lines  drawn   through  a 

closed  curve  a  (Fig.  141)  in 
the  liijuid.  A  particle  of  the 
fluid  which  commences  to 
move  along  one  of  these  lines 
will  continue  to  do  so.  It  is 
ev.dt-ui,  that  these  lines  of  flow  taken  together  form  a 
tulje  ;  it  IS  called  a  Tube  of  Flow. 

Since  the  line  of  flow,  or  stream  line,  passing  through 
a  point  indicat.'s  the  direction  of  flr,w  at  that  point  it  is 
evident  that  two  lines  of  flow  cannot  cro.ss  each  other. 
If  they  did  the  resultant  motion  at  the  point  of  inter- 
section would  have  two  directicms,  but  in  steady  motion 
the  movement  of  the  particles  at  a  point  are  continually 
m  a  single  definite  direction. 

Such  being  the  case,  there  can  be  no  flow  across  the 
bounding  walls  of  the  tix\>e,  and  the  particles  which  are 
within  the  tube  at  one  time  will  continue  within  it. 
The  particles  composing  a  cross-sectional  layer  will  con- 
tinue to  be  a  cross-sectional  layer. 

3.  Height  to  Which  a  Jet  will  Rise. 
Experiment  1. 

Arrange  apparatus  as  in  Fig.  142.     The  wat^r  escapes  from 
a  small  orifice.     The  jet  rises  nearly  to  the  level  of  the  free 
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surface  of  the  liquid   in  the  vessel,  .iml  we  suspect  at  one* 
that  if  there  were   no  losses  thnnigh 
friction  the  jet  woul<i  rise  exactly  U* 
that  level. 

Now  if  a  b<j(ly  falls  through  a 
height  h  it  attains  a  velocity  r 
where  v  =  \/iyh.  In  the  name 
way,  if  the  body  is  thrown  upward, 
and  rises  to  a  height  h  the  initial 
velocity  =  \  -yh.  Kio.  ui 

In  the  case  of  the  jet  <>f  liquid,  if  h  is  the  depth  of  the 
orifice  below  the  free  surface  in  the  vessel,  the  velocity  of 
efflux  =  i/'2</h. 

This  relation  is  rigidly  true  only  for  a  perfect  liquid,  or  one 
which  flows  without  friction. 

4.  Flow  of  Liquid  from  an  Opening  in  a  VesaeL 

The  result  obtained  in  the  hi.'^t  section  can  be  deduced 
from  the  principle  of  energy. 

Let  the  opening  be  at  a  distance  h  cm.  below  the 
surface  of  the  litjuid  (Fig.  143).     Let  the  density  of  tlie 

liquid  be  p,  the  area  of  the  free 
surface  be  A  Si\.  cm.,  and  t  >e 
velocity  of  the  out-flowing  li(iuid 
be  V  cm.  per  sec,  that  is,  a  small 
speck  of  dust  in  the  liciuid  at  the 
opening  would  be  carried  forward 
at  this  rate. 

Suppose  that  in  a  very  short  time 

Fio.  14S.  t  the  level  of  the  free  surface  falls 

a  verv  small  di.stance  x  cm.     Then  the  volume  of  liquid 

which  luis  escaped  is  Ax  e.c.     Its  ma.ss  is  pXx  grams, 
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arul  HH  its  v,.|.K'ity  is   /•  cm.  p.-r  sec,  its  kim-tic  cH'rjry 
=  i/)A./w-' erjrs.     (8t'o  p)i<,'t!  57.) 

This  kinetic  enopfry  „mst  1)..  cr,vi„e,l  at  the  e.xjK'nso  of 
the  potent iul  ene.<ry  „f  the  li,,„i,l.     X<nv  each  hiyer  has 
f.-illen  thn.u<,'h  a  heijrht  x  en..,  or  the  entire  voluino  has 
fall.-n  thr..u^rli  this  dista.ice.     The  mass  is  hkp  gniinn 
and  Its  wei^rht  is  hAp<j  dynes.      Hence  the 

Decrea.se  in  potential  enercjy  =  h,(pijx  er^rs. 
Therefor.',  hpA.rr'  =  f>Ap,jj; 

or  /••-'  =  2;/h  an<l  r  =  y'2(/k; 

tliat  is,  the  velocity  is  the  same  as  that  which  would 
be  acquired  by  falling  through  the  distance  of  the 
opening  below  the  free  surface. 

This  result  can  l)e  obuiined  in  another  way.  In  Fig 
143  are  shown  sonie  of  the  stream  line.s.  ThJy  all  begin 
at  tlie  free  surface  and  pa.ss  through  the  opening. 

Now  consider  the  stream  lines  drawn  through  a  series 
of  particles  on  the  free  surface  of  the  li(,uid  fonnincr  a 
closed  curve.  As  explained  above,  the  hollow  surSce 
formed  by  all  these  stream  lines  is  a  tube  of  flow  and 
the  liquid  fonning  the  surface  layer  will  move  onward 
in  this  tube,  always  forming  a  cro.ss-section.  Let  the 
mass  of  the  surface  layer  be  vi  grams.  It  Inigins  at  the 
surface  with  zero  velocity,  and  the  velocity  v  which  it 
has  on  emerging  from  the  opening  is  due  to  its  de.scent 
through  the  distance  h  cm.  The  decrease  in  its  potential 
energy  =  mgh  ergs ;  the  kinetic  energy  on  flowing  out 
=  ^  mr"  ergs. 

Hence  h  mi'-  =  m^jh, 

or  V  =  y'2<jk  cm.  per  sec.,  as  before. 
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Tlii.s  is  known  as  Torrirplli's  Low.  It  was  fonnulated 
by  liini  in  1648,  200  years  before  the  principle  of  the 
conservati  n  of  ener^^y  lia<l  been  established. 

Tliis  result  was  oV)tjune«l  on  the  assumption  tliat  the 
li(pii(l  was  perfect,  that  there  was  no  friction  in  the 
passa<,'e  of  one  layer  over  Jinother,  or  in  other  words, 
tliat  it  had  no  visniHify.  As  a  matter  of  fact,  water, 
ether,  alcohol,  mercury  an<l  such  liipiids  possess  very 
little  viscosity,  and  the  law  is  veiy  nearly  fulfilled  by 
them.  In  tlie  case  of  water  the  velocity  is  not  (piite 
that  given  by  theory,  a  small  amount  of  the  ener«jy 
being  transformedjnto  heat.  The  velocity  is  approxi- 
mately jVff"  X  i^'2(jh. 

5.  The  Contracted  Vein. 

The  mte  at  which  liquid  is  escaping,  however,  ainnot 
be  found  from  knowing  the  area  of  the  opening  and  the 
velocity  v  of  the  efflux.  Just  outside  the  opening  the  jet 
contnvcts  somewhat,  and  we  nuist  take  the  area  of  a 
cross-section  where  it  is  lejust.  The  size  and  shape  of 
the  cross-section  is  mo<Jified  by  the  shape  of  the  opening, 
and  the  area  in  general  can  be  determined  only  by 
exjjeriment.  Wlien  the  oixMiing  is  sharp-edged  round 
orifice  in  a  plane  surface  the  area  of  the  jet  is  on  the 
average  ^Vir  "f  that  of  the  opening,  or  the  cross-section 
of  the  jet  is  about  |  of  the  area  of  the  opening. 

Experiment  1. 

Test  the  rate  of  flow  from  orifices  of  different  shapes,  circular, 
square,  triangular.  This  can  conveniently  be  done  by  making 
an  opening  of  some  size  (sav  1^  in.  in  diameter)  near  the 
bottom  of  a  tank,  and  then  placing  over  this  plates  with 
orifices  of  diiTerent  siiapes  in  '..hem.     The  experiment  in  each 
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case  should  cnntinue  only  a  hliort  tim.!  so  that  the  flow  may 
1)6  nearly  uniform.  Tlie  rate  of  flow  can  l)e  detorruintHl  by 
taking  thfi  time  and  observing  the  fall  of  the  water  in  the 
tank,  or  lietter,   by  catching  the  water  and  measuring  it. 

Also  compare  the  flow  through  a  circular  orifice  in  a  thin 
plate  with  that  through  a  short  tubular  orifice  of  the  same 
int<>rnal  diameter. 

6.  Energy  of  a  Liquid  Under  Pressure. 

A  li(iui<l  i)(»s.sfs.se.s  iMjtcritijil  eiicrj^y  Ity  virtue  of  its 
lH'iii<;  subiiiitt.'d   to  pms.«ure,   aiul  tli.;   Hniouiit  of  thi.s 

oncrjjy  can  Iks  caleuluteil  iu 
the  following;  w^iy. 

Let  A  (Kij;.  144)  )h)  a 
tank  in  wliich  is  water 
under  a  pressure  of  j) 
^ranis,  (jr  ptj  dynes,  per 
H«{.  cm.,  and  let  P  be  the 
piston  of  a  piinip  by  which 
fio.  144.  water   is    forci'd    into    the 

tank.  lJ^ii  a  s(|.  em.  be  the  area  of  the  pi.st«)n.  The 
total  pressure  on  the  piston  is  ap  j,rranis  or  apg  dyne.s, 
and  when  it  njoves  inwards  throu^rh  a  distance  x  cm.,  it 
does  ape  |riii.-cm.,  or  amjjc  erjjs,  of  work. 

In  doiii^r  so  it  forces  ax  c.c.  of  water  into  the  tank, 
which  must  pos-sess  sis  potential  enerjjy  the  energy 
expended  in  placing  it  where  it  i.s. 

Hence  iix  c.c.  have  apx  gm.-cm.,  or  apij.r  ergs,  of  P.E., 
and  1  c.c.  has  p  gm.-cm.,  or  />,/  erg.s,  of  P.E.;  i.,..,  the 
measure  of  the  potential  energy  per  unit  of  volume 
possessed  by  a  liquid  is  the  same  as  the  measure  of 
the  pressure  per  unit  of  area  to  which  it  is  subjected. 
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Thus,  if  a  li<nii<l  is  under  n  prcHHure  of  10,000  dynes 
per  w\.  cm.,  each  c.c.  of  it  posHease.s  10,000  ergH  of  poten- 
tial energy.  If  the  pres-sure  is  60  pounds  per  sq.  ft.,  each 
cu.  ft.  posHOsseH  60  ft.-jxls.  of  potential  energy. 

Examples  of  this  effect  are  often  seen.  When  water 
from  the  city  waterworks  at  a  pres.sure  of,  say,  100 
pounds  per  s<j.  inch,  is  admitted  to  the  cylinder  of  an 
elevator  in  a  hi^^h  huihlinjj,  it  perfonns  work  in  raising 
the  car  of  the  elevator  to  the  upper  stories  of  the  build- 
ing. Or,  when  puujped  into  the  cylinder  of  a  hydrostatic 
press,  immense  pressures  are  produced,  which  are  u-sed  in 
compre.ssing  bales,  etc. 

7.  Energy  of  a  Liqoid  In  Motion. 

Let  the  velocity  Ije  v  cm.  per  sec,  and  vi  grams  be  the 
mass  of  1  c.c.  (i.e ,  the  density)  of  the  liciuid. 

Then  the  kine'^'c  energy  per  c.c.  =  ^mv^  ergs. 

If  the  velocity  is  v  ft.  per  sec.  and  the  density  is  p  lb& 
per  cu.  ft. 

Then  the  kinetic  energy  per  cu.  ft.  =  J^»'^  fib.-poundals, 

=  i^  ft. -pounds, 
"   <J 
since  1  pound  force  =  g  poundals. 

8.  Bate  of  Flow  of  a  Lianid. 

First,  consider  steady  flow  in  a  tunnel  or  a  pipe  of 
uniform  cross-section  (Fig.  145).  Let  the  area  be  a  sq. 
cm.,  and  the  velocity  be  v  cm. 
per  sec. 

Then    the    amount    which 
flows  past  any  point  in  1  sec.  fm.  us. 

is  av  c.c.    In  practical  engineering  work  the  rat«  of  flow 
is  usually  stated  in  cu.  ft.  or  cu.  metres  per  sec. 
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X»'xt,  It't  tlio  pip*'  Imvo  II  c<)utract»'<l  portion  or  iliroiit, 
n»  ill  Fiir.  140. 


Ij«'t  till'  un-H  of  till-  (•rt»sH-.sc>ction  at  A,  Ik-  ((^  s»j.  cm., 
the  vcl<K'ity  tlicrt'  he  r,  cm.  per  sec,  an<l  the  pressure 
there  y>,  <lynes  per  s(j.  em. 

At  A.^  let  the  corrt.'spoinliiii;  vuhies  of  these  ({uaiitities 
he  (i.„  r,„  J).,. 

Now  the  .same  (piHiitity  Hows  past  A,  atjil  A.,  (hiring 
1  sec.      Heiiee  <l^l•^  =  ti.^r.^. 

But  </,  is  jjreater  than  u.,:  )ieiice  i\,  is  jjreater  than  r,, 
an.i  we  have  the  hiw:  The  velocity  of  the  liquid  is 
inversely  proportional  to  the  area  of  the  cross-section. 

9.  Belation  Between  Pressure  and  Velocity. 

Suppose  the  tul)e  in  which  the  licpiid  is  tlowinj/  is 
horizontal,  and  consider  tlie  m<»tion  of  1  c.e.  of  the  li<juid 
alonjr  the  axi.s,  from  the  centre  of  the  .sectifju  at  Aj  to 
the  centre  of  that  at  A^. 

Its  enefi^y  at  A,  =  />,  +  i  /a  '','"  ^^ii^ (1) 

Its  energy  at  A_,  =  j>,  -\-  h  p  r.r  ergs (2) 

But  these  must  be  equal,  and  therefore 

Pi-^  h  P  ''{'  =  1>>  +  i  p  iv i^) 

=  tlie  corresponding  expression 
fur  any  section. 
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Hence  tlu*  quantity 

p  +  ^  ft''  in  »i  coiiHtJint  for  Jiny  wction (4). 

The  relation  (3)  can  Vh;  written 

Ih  -  Vi  =  M'"j'  ~  ''i') <'^)- 

Hut  niuco  the  area  at  A^  is  HUmller  than  that  at  A,, 
tlu.'  velocity  v.,  is  p-eater  than  the  volocity  i',,  ami  also 
'•.,'-'  is  jjreater  than  '',  .     Heiicr  />,  is  jjreater  than  ji,,  an<l 

we  obtain  the  law  that  when  the  velocity  increases  the 
pressure  diminishes. 

The  |)res.sure  ex^'rted  hy  the  li(iui<l  at  a  contracted 
portion  of  the  pipe  is  l»'ss  than  where  the  pipe  is  larijer. 
This  is  entirely  contrary  to  the  view  conunonly  held. 
Most  iM'ople  think  that  when  the  li(juid  enters  a  con- 
tracted p<jrtion  its  particles  are  Wjueezed  t^){;ether  and  it 
exerts  a  greater  pressure  aj^ainst  the  walls  of  the  pipe. 
This  view,  however,  is  cjuite  erroneous. 

If  we  use  the  En<,dish  units,  takinj^  p  in  pounds'- 
wei^ht  p<'r  s»|uare  foot,  p  as  poun<ls  of  n»a,ss  per  cu.  ft., 
and  V  in  feet  per  sec,  then 

P.E.  of  1  cu.  ft.  =  p  ft.-jKJUnds, 
and  K.E.  of  1  cu.  ft.  =  \pr'^  ft.-poundals, 

=  a''  »-'-  ft.-pounds. 

Then  the  energy  possessed  by  1  cu.  ft.  of  the  li(juid 
—  p  ^  iP  V-  ft.-pounds  of  energy-, 

and  the  relation  (3)  l)eeonies 

^', -i>2=^f  ('•■/- 'V) (6). 

In  the  above  fommla  (3)  we  have  not  taken  into 
account  the  force  of  gravity.     Suppose  at  A  the  unit  of 
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volume  of  the  liquid  is  jit  a  heii^ht  //-  above  a  horizontal 
plain'  of  reference  tiiken  as  a  standard  level,  then  its 
RE.  due  to  <,'ravity  in,  in  the  C.G.8.  system  fjph  er^^,  or 
ill  the  Kn;,dish  units  ph  ft.-pouiids.  The  entire  energy 
pos,sc's.«ed  by  the  unit  of  volume,  therefore, 

=-  J)  +  (Jph  +  J  p'"  ergs, (7) 

„r     =  p  +  ph  +  .1  ^  /-'  ft.-pounds,.  .(8) 
H 
in  i]w  respective  systems  of  units. 

The  relation  between  pressure  and  velocity,  ex- 
pressed by  the  e  ..nation, 

p  -f-  (Jph  +  Ipr-  =  constant, 
is  known  as  Bernoulli's  Theorem.     It  was  demonstrated 
in  17:iS  l)y  Daniel  Bernoulli,  and  lies  at  the  bisis  of  the 
science  of  hydraulics. 

10.  Application  of  Newton's  Second  Law. 

That  the  pressure  e.\ert«.'d  by  a  liquid  diminislies  as  its 
velocity  increases  can  be  deduced  directly  from  Newton's 
Second  Law  of  Motion. 

As  the  liquid  pas.ses  from  A  to  B  (Fig.  147)  its  velocity 
increases,  or  it  has  an  acceleration  and  its  momentum  is 

continually  increasing. 
Hence  an  unbalanced 
force  acta  in  the  direc- 
tion from  A  to  B.  This 
force  is   the  resultant 


Fm.  147. 


pressure  to  which  the  portion  of  the  liquid  under  con- 
si.leration  is  subjected  by  the  surrounding  liquid,  and  if 
the  pressure  at  B  were  jus  great  as  at  A  the  motion  would 
not  take  place. 
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Again,  mi  passing  from  B  to  C  the  velocity  decreases ; 
hence  there  must  he  an  unbjilanced  force  acting  in  the 
hackward  direction,  as  shown  by  the  arrow  b,  and  so  the 
pressure  at  C,  wliere  the  velocity  is  loss,  is  greater  than 
at  B. 

11.  Deduction  of  Torricelli's  Law  from  Bernoulli's  Theorem. 

Consider  the  energy  possessed  by  unit  volume  of  the 
liquid  at  the  surface  A  (Fig.  143),  and  also  when  it  flows 
from  the  orifice.  Notice  that  the  pressures  exerted  by 
the  liquid,  or  to  which  it  is  subjected,  at  the  surface  A 
and  at  the  orifice  are  the  .same,  each  being  simply  the 
atmospheric  pressure,  which  acts  throughout  the  system. 
As  we  propose  to  equate  the  energy  at  one  point  to  that 
at  the  other,  the  potential  energy,  p,  due  to  the  pressure, 
may  be  omitted,  or  taken  as  zero. 

At  A,  we  have  p  =  0;  the  potential  energy  due  to 
gravity  or  weight  =  (/ph,  biking  as  zero  level  that  of 
the  orifice ;  the  kinetic  energy,  J  p  if'  =  0,  since  the 
velocity  of  the  surface  is  very  small  and  v  may  be 
put  =  0. 

Hence  the  entire  energy,  given  by  the  expression  (6) 
becomes  gph. 

At  the  orifice,  p  =  0\  h  =  0  and  the  potential 
energy  due  to  gravity,  gph  =  0;  the  kinetic  energy 
=  h  P  t•^ 

Hence  whe  entire  energy  =  h  p  v'-. 

Equating  the  energy  at  A  to  that  at  the  orifice, 
^  p  V-  —  gph,  or  r"^  =  y'-gh,  as  before. 


i-  i 


II 


2S0 


KI.EMKXTARY    MKCHANIC8. 


12.  Experimental  Illustrations  of  Bernoulli's  Theorem. 
Experiment  1. 

Obtain  a  glass  tul)e,  blown  an  illustrated  in  Fig.  148,  having 


Fio.  148. 

two  larger  portions  separated  by  a  smaller  neck,  with  a  small 
tube  rising  from  each  of  these  portions.  The  large  portions 
should  have  a  diamet<»r  as  great  as  possible,  and  their  lengths 
should  be  several  times  as  great  as  their  diameters.  If  the 
tube  is  too  small,  friction  considerably  affects  the  flow,  and  if 
the  cxpandiHl  portions  of  the  tube  are  too  "  bunty  "  the  water 
is  thrown  into  eddies  and  the  flow  is  far  from  being  steady. 

Ccmneot  to  a  tank  T  which  is  kept  full  of  water,  or  attach 
directly  to  a  water  tap. 

First,  hol<l  a  finger  o\'er  the  end  F.  There  will  Ije  no  flow, 
and  the  water  in  the  tubes  A,  B,  C  will  rise  to  the  line  win, 
assuming  the  same  level  as  in  T. 

Next,  let  the  water  run  freely.  Now  if  the  particles  of 
water  are  crowded  together  as  the  sections  of  the  cone  get 
smaller  and  are  thus   subjected    to   increased  pressure,  this 
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would  be  shown  in  the  water  level  in  tlie  tul»es.  We  might 
expect  that  in  B  to  be  highest  and  that  in  A  or  C  lowest ;  but 
such  is  not  at  all  the  case.  They  assume  the  levels  shown  in 
the  figure.  They  are  slightly  lower  than  they  would  be  if  the 
water  movetl  entirely  without  friction. 

Observe  that  the  pressures  at  a,  b,  c,  etc.  are  those  due  to  a 
'head'  Ap  A.„  A,,  etc.  (cm.)  respectively.  Then  if  the  corres- 
ponding pressures  are  />,,  p.,,  p^  etc.  (dynes  per  sq.  era.),  we 
have  the  relations 

Pi  +  ipf  i"  =  Pi  +  \pv.f  =  (similarly  for  each  section)  =  constant. 

In  place  of  the  gla.s.s  tubes  shown  in  Fig.  148,  an 
apparatus  sJich  as  illustrated  in  Fig.  149  may  be  u.sed. 
This  consists  of  two  zinc  or  tin 
cones  soldered  together,  3  inches  in 
diameter  at  the  common  base  and 
tapering  to  \  inch  at  the  ends. 
The  shorter  is  3  inches,  and  the  otlier  12  inches  Ion?. 
Thre-  openings  are  wi  the  longer  cone.  In  these  can 
be  inserted  corks  tlirougli  which  glass  tubes  pass. 

A  third  convenient  form  of  the  apparatus  is  .shown  in 
Fig.  150.     It  is  made  of  glas.s.     One  end  of  a  U  tube  is 

fused  into  the  wide  portion  and 
the  other  end  into  the  narrow 
portion  of  the  tube.  On  causing 
the  water  to  flow  through,  it 
rises  in  b^jth  arms  of  the  U  tube, 
but  higlier  in  that  jxjrtion  joined 
to  the  wide  part  of  the  tube.  It 
will  be  observed  that  the  pressure 
of  the  air  within  the  U  tube, 
exerted  upon  the  surface  of  the  water  in  the  two  arms, 
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is  j^rwitcr  tlmii  an  utinttsplK'iv,  but  it  is  the  suiiie  in  l)oth 
ariiiH. 

Experiment  2. 

Another  interesting  experiment  is  ilhistrated  in  Fi,'.  151. 
A  and  B  are  two  tanks,  about   1  8«j.  ft.  in  horizontal  section, 

provided  with  converg- 
L  '"S  pipes  as  shown. 
■^  They  must  be  carefully 
placed  so  that  the  con- 
tracted openings  are 
exactly  opposite  each 
other. 

As  water  is  supplied 
to  A  it  spurts  out  of 
c  into  d,  and  continues  to  do  so  until  the  level  in  B  almost 
reaches  that  in  A.  If  the  water  were  a  perfect  liquid  the 
levels  would  be  the  same.  In  an  actual  experiment  a  level  of 
18  inches  in  B  was  maintained  by  a  level  of  20^  inches  in  A, 
the  2|  inches  l)eing  lost  by  friction. 

Notice  that  there  is  no  waste  in  the  water  as  it  shoots 
across  from  c  to  d,  except  the  small  sprinkling  caused  by 
inexactness  of  aim  and  by  want  of  exact  circularity  in  the 
orifices.  Also,  in  the  space  betv.een  c  and  d  there  is  no 
pressure  except  the  atmospheric  pressure  which  acts  uniformly 
throughout  the  system. 

13.  Examples  of  the  Flow  of  a  Qas. 

The  laws,  accordin^^  to  which  a  conipre-ssible  fluid, 
sucli  as  a  gas,  flows  are  much  more  complicated  ;  but 
when  the  variations  in  the  pressure  are  not  too  great 
the  relation  between  the  pressure  and  tlie  velocity  still 
holds. 
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Experiment  1. 

Examine  a  Bunsen  burner.  The  ga.s  escapes  from  a  small 
hole  at  the  base  of  the  burner  with  a  high  veU)city.  The 
pressure,  consequently,  is  very  low,  and  air  rushes  in  through 
the  opening  in  the  tube,  and  the  mixture  of  gas  and  air 
burns  with  a  non-luminuous  Hanui  at  the  top  of  tiie  tul)e. 

Experiment  2. 

In  Fig.  152  a  tube  is  fixed  in  a  flat  tliso,  tlu«  end  of 
the  tube  l)eing  flush  with  the  surface  of  the  disc.  A  light 
disc  of  metal  or  cardboard  is  held  near  it  by 
means  of  three  metal  pins  which  move  freely 
through  the  lower  disc.  If  a  vigorous  current 
of  air  is  blown  through  the  tube  when  it  is 
held  vertically,  the  lower  disc  will  rise  up  to 
the  othf^r  one.  In  this  case  the  air  spreatis 
out  in  the  space  bet%veen  the  iliscs  radially 
from  the  txibe.  As  it  spreads  out  its  velocity 
i.s  diminished  and  the  pressure  increased.  Now 
at  the  rim  the  pressure  is  approximately  that 
of  the  atmosphere,  and  so  at  the  centre  it  must 
be  less  than  one  atmosphere.  Hence  the  atmospheric  pres- 
sure on  the  lower  side  pushes  the  disc  upward. 

A  very  simple  form  of  the  apparatus  is  shown  in 
Fii'.  153.  A  t;la.s.s  tube  is  pushed 
throui^h  a  cork  until  its  end  is  flush 
with  the  lower  side.  A  thin  layer  of 
cork,  with  a  pin  tlirough  it  to  prevent 
it  moving  aside,  will  Ixi  drawn  up  to 
the  thicker  cork  when  a  current  of  air 
is  blown  through  the  tube. 

The  above  effect  wa.s  fii-st  observed 
in  some  iron  works   in    France,  aljout 
1826.    One  of  tlie  forge-bellows  opened  in  a  flat  wall. 
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Hiul  it  was  found  tli.it  a   lK)ar(l  presented  to  the   blast 
was  sucked  up  against  the  wall. 

Experiment  3.  ' 

Tlie  simplest  way  to  exhibit  the  eflFect,  however,  is  due  to 
Faniday.  By  means  of  the  pjihn  of  the  left  hand  hold  snugly  up 
against  the  palm  of  the  riglit  hand  a  piece  of  tissue  paper  3  or  4 
inches  square,  and  then  blow  through  the  opening  between  the 
first  and  second  fingers  against  the  middle  of  the  paper.  Instead 
of  being  blown  away,  the  paper  will  be  sucked  up  to  the  hand. 
After  a  few  trials  the  experiment  will  be  easily  performed. 
Experiment  1 

Another  simple  experiment  is   shown   in    Fig.    154,   T  is 

a  short,  wide  glass  tube. 

Through  a  cork  in  one 

end  is  a  glass  tube  A 

drawn  out   to   a   small 

opening  a.     Through  a 

cork  in  the  other  end  a 

wider    tube    B    is    in- 

''"'  '•■**  serted.     At  the  bottom 

is  a  manometer  C  filled  with   coloured   water.     On  blowing 

through  A  the  licjuid  in  C  rises.     Explain  this. 

Applications  of  Bernoulli's  Theorem. 
14.  The  Venturi  Water  Meter. 

The  object  of  this  instrument  is  to  measure  the  rate 
of  flow  in  a  water-main.     Its  construction  is  shown  in 
A  c 


A'W 
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Fig.  155.     Between  points  A  and  C  a  throat  is  inserted, 
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the  chanije  in  tlu'^  aivaof  tho  pipe  l)eiiit;  jjradual  in  onler 
to  avoid  e<l<lit,'s.  The  arrjis  of  tht"  crosH-scctioiiH  at  A 
and  B  an;  carefully  measured  and  pressure  ^au<;es  are 
inserted  at  these  points.  Now  if  we  know  the  areas  of 
these  cross-sections  and  tlie  difference  between  tlie  pres- 
sures there  we  can  determine  the  flow  in  the  pipe. 

A  numerical  e.\»imple  will  best  illustrate  the  use  of  the 
instrument.  Let  the  diametei"s  of  the  sections  at  A  and 
B  be  30  and  10  cm.,  respectively,  and  the  diflerence 
between  tlie  pres.sures  l)e  352,800  dynes  per  s(j  cm.  To 
find  the  rate  of  flow. 

L*?t  ]>i,  >\,  a,  be  the  pressure,  velocity  and  area, 
respectively,  at  A ;  and  ^>^,  r.,,  a.,  Ixi  the  corresponding 
values  at  B. 

The  diameter  at  A  =  3  x  the  diameter  at  B 
Hence  <<i  =  9  n.,. 

Now  «,>•,  =  ((.,r.,,  or  v.,  =     '  r,  =  9  v,. 

From  Bernoulli's  Theorem  we  have 

=  h  P  ''i^  [("')   -  l]  =  -10  p  »',-  in  this  case. 

Also,  /),  —  /A,  =  352,800,  and  p  =  I, 

Hence  352,800  =  40  v{-, 
and  ''i  =  93.91  cm.  per  sec 
Now  the  area  <(,  =  707  sq.  cm. ; 
Hence  rate  of  flow  =  707  x  93.91  =  66,394  c.c.  per  sec. 

Notice  that  352,800  dynes  =  360  ^jrams- weight  (ij  =  980). 
and  the  diflerence  in  pressure  is  ecjual  to  that  of  a  column 
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of  water  300  cm.  hi;;h.     It  is  wiid  to  be  that  of  a  '  head ' 
of  360  cm.  or  3.G0  metres. 

Next,  let  US  Hr)lve  tht;  question  usin^  feet  aiul  pounds, 
whicli  are  tlie  units  generally  employed  by  engineers  in 
practical  work. 

Take  the  diameters  to  be  12  and  4  inches  and  the 
difference  of  pressure  to  l>e  that  of  a  head  of  12  feet. 

A  head  of  12  feet  =  a  pressure  of  12  x  62 J  pounds 
per  sjj.  ft.     The  formula,  with  these  units,  is 


[Equation  (6)  above] 
And  2\  -  Pi  =  12  X  62J,  p  =  62^,  j/  *  32.  a,/a.,  =  9. 
Hence  12  x  62^  =  4  x  ^"^  x  t,-  x  80, 

Si 

or  t',2  =  9.6, 

and  V,  =  3.098  ft.  per  second. 

Now  the  area  Ui  =  0.7854  sq.  ft 

and  the  rate  of  flow  =  Ui^i  =  2.433  cu.  ft.  per  second. 

Observe  that  if  the  pressure  be  taken  as  due  to  a 
certain  '  head '  of  the  liquid  the  density  cancels  out  of 
the  eciuation. 

This  meter  was  invented  in  1887  by  Clemens 
Herschel,  an  American  engineer,  who  named  it  after 
Venturi,  an  Italian,  who  first  described  an  experiment 
illustiating  the  principle  involved  in  it  in  1797.  There 
are  other  forms  of  water  meters,  but  this  one  is 
especially  convenient  in  the  case  of  very  large  water 
mains. 
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IS.  The  Jet  Pomp. 

The  principle  of  the  Jet  Pump  is  illustraterl  in  Fig.  156. 


Fio.  166. 


Water  is  led  from  a  reservoir  A  by  a  pipe  B  which  tapers 
at  C.  The  velocity  here  is  gi-eat  and  the  pre.s.sure  is 
reduced  until  below  that  of  the  atmosphere,  which,  acting 
upon  the  surface  of  the  water  in  D,  forces  it  up  the  pipe 
tt.  It  mixes  with  the  water  flowing  from  C,  and  the 
combined  stream  flows  on  by  the  tube  E  to  the  reservoir 
F,  which,  however,  cannot  be  higher  than  A.  Thus  the 
water  is  pumped  from  D  up  to  F. 

A  simple  appara- 
tus for  showing  the 
action  of  this  pump 
is  illustrated  in  Fig. 
157.  The  tube  B 
is  attached  to  a 
water  tap  (or  a 
supply  of  compressed  air),  and  the  tube  A  is  placed  in 
the  liquid  to  be  pumped.  To  start  the  pump  it  may  be 
necessary  to  fill  it  with  water. 


Fia.  167. 
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Ill  Fij;.  158  is  shown  a  pniotical  fonn  of  the  pump. 
The  water  which  mipplies  tlie  om-rgy  for  pumping  outers 


at  A.      It   (lisp!mr<;es  at  C,  and  the  water  from   I)  is 
carried  on  by  the  pijx;  E  to  the  pipe  F. 

16.  The  Bonsen  Filter  Pomp. 

Appliances  for  pnxlucing  a  suction  current  of  air  are 
known  as  aspirators.  One  of  the  best  known  of  these 
is  the  Bunsen  Filter  Pump,  a  vertical 
section  of  which  is  shown  in  Fig.  159. 
Water  is  forced  through  the  tulx?-nozzle 
N,  which  gradually  tajx?r  md  then 
expands  again.  At  the  phice  where 
its  section  is  least  tliere  is  joined  on 
an  oH'-set  tube  A,  which  is  connected 
to  the  vessel  from  which  the  air  is 
to  be  removed.  The  water,  rushing 
througlx  the  narrow  passage,  attains  a 
great  vel(K*ity ;  the  pre.ssure  is  accord- 
ingly reduced  until  nnich  below  atmo.s- 
pheric  pressure  and  the  air  flows  in  through  A  and  is 
carried  oti'  with  the  water. 


Kio.  159. 
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17.  The  AtomiMT. 

'  'I'j  atomiser  in  an  instrument  for  riHlncing  a  liqnifl  to 
a  fine  spray.  Its  constniction  is  shown  in  Ki;;.  160.  On 
pressing  the  bulb  B  an  air 
blast  is  force<l  in  a  j«'t  from 
the  fine  openinj;  A.  lacrosses 
the  top  of  the  tulxj  C,  and  as 
its  vt'locity  is  ^eat  the  pres- 
sure just  alK)ve  the  top  of  C 
is  much  reducefl.  The  pres- 
sure of  the  atmosphere  on  tlu" 
.surface  of  the  liquid  D  forces 
it  up  the  tube,  and  as  it  escapes  it  is  blown  into  a  fine 
spray. 

The  atomiser  has  many  practical  applications.  It  is 
uf'hI  to  obtain  a  fine  shower  of  perfume,  or  a  fine  spray 
of  oil  in  oil-burning  enginea  Artists  render  permanent 
drawings  with  charcoal  or  crayon  by  spraying  them  with 
a  solution  of  mastic  in  alcohol.  The  alcohol  evaporates 
and  leaves  the  picture  covere<l  with  a  thin  transpan'nt 
vaniish  of  mastic.  The  atomiser  is  often  used  also  in 
medical  practice. 

18.  The  Steam  Injector. 

This  is  an  appliance  for  supplying  steam-boilers  with 
water,  especially  used  with  locomotives  btit  not  exclu- 
sively so.  It  was  invented  in  1858  by  GiH'arf'  a  French 
engineer.  The  steam  and  water  within  the  boiler  are 
under  considerable  pressure,  but  by  means  of  the  injector 
the  steam  from  the  boiler,  or  even  steam  at  a  lower 
pressure,  is  able  to  force  water  into  the  boiler. 
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III  Fi;,'.  IGl  is  sliown  a  loii^itiuliiml  Hection  of  tho 
injector.     Steam   entei-H  iit   A  and    blows   throujjh    the 

round  orifice  C.  Feed  water 
flows  in  at  B,  and  meeting 
tho  steam  at  C,  causes  it  to 
condense.  In  this  way  a 
vacuum  is  profhice<l  at  C, 
an<l  the  water  rushes  in  with 
jjreat  velocity  down  into  tho 
cone  D,  its  velocity  being  in- 
creased by  the  steam  from  C 
.striking  it  from  behind.  In 
the  lower  part  of  the  nozzle 
E  the  stream  expands ;  in 
doing  so  it  loses  velocity  and 
gains  pressure,  and  at  tlie 
bottom  the  pressure  is  so 
great  that  it  enters  the  boiler 
through  a  check  valve  which  opens  only  in  the  direction 
ot  the  stream.  An  overflow  pipe  F,  by  providing  a 
chaiuiel  through  which  steam  and  water  may  escape 
before  the  stream  has  acquired  sufficient  energy  to  force 
its  way  into  the  boiler,  allows  tho  injector  to  start  into 
action.  In  the  actual  instrument  there  are  certain  valves 
for  regulating  the  flow  of  the  steam  and  the  water 
which  are  not  shown  in  the  diagram. 

The  mechanical  efliciency  of  the  injector  is  much 
lower  than  that  of  the  steam  pump,  but  it  has  the 
advantjige  of  working  when  the  engine  is  still  and 
of  heating  tho  feed  water  before  delivering  it  to  the 
boiler. 


Fio.  161. 
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19.  The  Ball  Nossle. 

This  in  illuHtmted  in  Fijj.  162.  At  tlie  end  of  a  tulxj  is 
a  hollow  cup  in  wliich  a  ImiII  fits  Hnxi^'ly.  If  a  vi^'orous 
current  of  air  or  steam  is  forced  through  the  pipe  itH 
veloci^^  at  a,  where  it  leaves  the  pipi^  is. 
greater  than  at  the  edge  of  the  cup  where 
it  escapes  into  the  atmosphere.  Hence 
the  pressure  at  (t  is  less  than  at  the  wlgo 
of  the  cup,  and  the  latter  is  the  pressure  of 
tlie  atmosphere.  Omsequently  the  atinos- 
plieric  pressure  on  the  side  of  the  \m\\ 
opposite  a  will  prevent  the  ball  from 
leaving  the  cup. 

20.  Forced  Dnraght. 
In  order  to  keep  a  locomotive  moving 

steam  must  be  generated  rapidly,  and  to 
do  this  a  fierce  fire  must  \xi 
maintained.  To  secure  this 
the  exhaust  steam  from  the 
cylindera  of  the  engine  is 
discharged  through  a  contracttnl  nozzle 
A,  a  little  distance  below  the  l>nse  of  the 
y^  smoke-stack  B,  which  is  usually  flan^ 

Ml  /    out  like  an  inverted  funnel  (Fig.  \iV.l). 

'  I  '  /     The  steam  escapes  with  high  velocity. 

Fio.  188.  This  reduces  the  pressure  greatly  and 
produces  a  powerful  a.spiratory  eflfect,  which  draws  in 
great  quantities  of  air  through  the  fire-box,  thus  keeping 
up  an  intense  fire. 


(■ 
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Other  Illustrations  of  Bernoulli     '   .urem. 

21.  Curve  of  a  Ball. 

The  curve  jjivcii  to  a  ball  by  a  'cut'  in  tennis,  by  a 
'slice'  in  f,")lf  or  by  a  skilful  pitcher  in  bjise-ball  cun 
also  be  accounted  for  by  Bernoulli's  Tlieoreni. 

In  order  to  explain  the  effect  it  is  more  convenient  to 
consider  the  ball  as  standinj;  still  while  a  current  of  air 
is  forced  past  it,  than  to  tiike  the  air  as  .standinj; 
still  an«l  the  ball  to  b-  rushiiij;  thr()U<;li  it.  From  a 
mechanical  point  of  view  the  conditions  are  e(juivalent, 
there  is  a  motion  of  tin-  ball  relative  to  the  air. 

The  essential  reiiuisite  to  pnxluce  a  curve  is  to  give 
the  ball  a  spin  as  well  as  a  motion  f(M-ward.  Let  the  ball 
l)e  spinninij  ab<nit  a  horizontal  axis  in  the  direction 
shown  by  the  two  curved  arrows  (Fi«j.  164),  and  let  the 

air  current  be  in  the 
direction  fr<jm  rijjlit  U) 
left.  Tlie  ball  in  its 
B..  spinninjj  carries  around 
with  it  some  of  the  air 
near  its  surface.  At  b 
the  air  carried  around 
by  the  ball  will  unite  witli  the  motion  of  the  outer  air 
current,  while  at  d  it  will  oppose  the  outer  air  current. 
Consequently  the  vel»x;ity  of  the  air  current  at  h  will 
be  greater  tlian  at  a.  and  the  pressure  at  a  will  be 
greater  than  tliat  at  //.  Hence  the  Imll  will  move  across 
the  air  current  in  the  direction  from  ((  to  h,  as  shown  by 
the  arrow  A.  If  now  we  consider  the  air  to  be  at  rest 
and  the  ball  to  Ije  moving  from  left  to  right  and  having 
the  same  spin  as  before,  it  will  curve  up,  as  sliown  by  B. 


Fio.  164. 
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A  simple  way  to  exhibit  the  curved  path  is  as  follows.* 
Obtain  a  ping-pong  or  other  light  ball,  varnish  it,  and 
while  sticky  roll  it  in  sawdust, 
thus  making  its  surface  rough. 
After  allowing  to  dry,  place  it 
in  a  pasteboard  mailing  tube, 
somewhat  larger  in  diameter 
than  the  ball,  and  by  a  quick 
side-wise  motion,  as  indicated 
in  Fig.  165,  cause  the  ball  to 
roll  down  the  tube  and  dart 
out  of  the  end.  With  a  little 
practice  a  decided  curve  can  be 
given  to  the  path  of  the  ball. 

That  the  pressure  of  the  air  on  one  side  of  the  ball  is 
greater  than  that  on  the  opposite  side  can  be  shown  by 


Pis.  166. 


Fie.  10a. 


the  following  experiment,  which  is  due  to  Sir  J.  J. 
Thorasonf  (Fig.  166). 

"SuKirMted  by  W.  8.  Franklin  in  "  Science,"  Dec  15,  ll»ll. 

.  *  'J  ^•^*>n>"  vol.  86.  p.  251, 1910.    (Beport  <a  a  lecture  More  the  Royal  ImMtattoo. 
Loodon.) 
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Two  jrolf-'mlls,  one  siiifx)t)i,  the  other  with  the 
ordinary  rough  surfiice,  are  niounteil  on  an  axis  and 
can  be  set  in  rapid  rotation  by  an  electric  motor.  An 
air-bhust,  pro<hiced  b^-  a  fan,  conies  through  a  pipe  B 
and  can  be  «lirected  against  the  balls.  By  a  suitable 
arrangement  the  axis  can  Ix'  slid  up  or  down  in  its 
Ixiarings  so  that  either  Iwill,  at  pk-iisure,  may  be  put  in 
the  air-blast.  The  pressure  of  the  air  is  mea.sured  by 
the  curved  tuljos  L,  M,  connected  with  a  pressure 
gauge  P,  Q.  L  and  M  are  adjusted  so  that  the  ball 
just  fits  between  them. 

When  the  bill  spins  in  the  direction  indicated  by  the 
belt  A  the  air  current  at  L  is  more  rapid  than  that  at  M  ; 
it  is  seen  that  the  column  P  is  depre.ssed,  Q  is  raised.  If 
the  8m(X)th  bjill  is  used  the  effect  is  .similar  but  not  so 
Fi"^  pi'onounced.  The  smooth  .surface  does  not 
'' }Y      ^^O'  ^  much  air  with  it  as  does  the  rough 


w 


one. 


22.  Light  Ball  in  a  Jet  of  Steam  or  Air. 

A  light  ball  (made  of  celluloid,  or  a  tennis 
ball),  may  be  held  in  equilibrium  by  a  jet  of  air 
or  steam  as  illu.strated  in  Fig.  167.  The  ball 
is  under  the  action  of  three  forces : — Its  own 
weight  W;  I,  the  force  of  impact  of  the 
fluid  against  the  ball;  and  P,  an  excess  of 
atmospheric  pressure  over  the  pressure  on 
Fio.  167.     the  other   side    of  the  ball,  due  to   the  1  igh 

velocity  of  the  escaping   fluid.     With    a   few   trials  9. 

position  can  usually  be  found  for   the   ball  where  the 

three  forces  are   in  equilibrium,  and  the  ball  remains 

there. 
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23.  Two  Balls  in  a  Gnrrent  of  Air. 

If  two  liirht  ballH  are  suspended  side  by  side  in  a 
current  of  air  from  an  electric  fan  (Fig.  168) 
the  wind-current  between  the  balls  is  greater 
than  that  on  the  other  side  of  them.  The 
air-presHure  on  the  outer  sides  is  therefore 
greater  than  that  in  the  space  between,  and  A  X^ 
the  balls  are  consecjuently  pushed  toward 
each  other. 

24.  Two  ShipB  Steaming  Side  by  Side. 

If  a  ship  is  anchored  in  a  river  the  water 
flows  past  it,  the  particles  moving  in  definite 
stream  lines.  If  the  vessel  is  moving  forward  through 
still  water,  there  is  a  similar  relative  motion  between 
it  and  the  water,  and  the  resulting  stream  lines  are 
similar  to  those  in  the  other  case. 

If  two  ships  are  steaming  side  by  side  (Fig.  169)  the 

water  streams  past  them  more 
swiftly  in  the  space  between 
than  on  the  outer  sides.  On 
account  of  this  increased  ve- 
locity tihe  preasure  exerted 
by  the  water  against  the 
inner  sides  of  the  ships  is 
less  than  that  against  the 
outer  sides,  and  the  ships 
are  pushed  toward  each  other.  One  might  expect  the 
water  between  the  ships  to  be  heaped  up,  but  such  is 
not  the  case,  its  level  is  below  the  level  at  other  placea 
Large  ships  should  not  manreuvre  too  close  to  each  other; 
accidents  have  occurred  through  ships  being  apparently 
drawn  together  in  the  manner  just  described 


KM.  las. 


296 


ELEMENTARY   MECHANICS. 


EXEBOISE  ZLIII 

1.  In  a  WAter-workH  system  tlie  pressure  is  maintained  by  the 
water  in  a  8tand-i)fpe  100  feet  high  situated  on  a  hill  50  feet  alwve 
the  valley.  Find  the  pressure,  in  {Xiunds  j>er  B4{uare  inch,  on  the 
ground  f\(H>r  of  a  house  in  the  valley. 

2.  If  the  stand-pipe  is  30  metres  high  and  the  hill  20  metres 
above  the  valley  find  the  pressure  in  dynes  jwr  S4iuare  cm.,  and  also 
in  kilograms  per  sq.  cm. 

3.  A  large  tank  3  metres  high  is  kept  full  by  wat«r  continually 
running  into  it,  and  a  sm.vU  round  opening,  1  cm.  in  diameter,  is 
made  at  the  base.     At  what  rate  will  the  water  escai>ti  ? 

4.  A  can  contains  oil  t<.  a  depth  of  18  inches,  and  a  small  round 
hole  ^  inch  in  diameter  is  punched  through  it  at  the  base.  At 
what  rate  will  the  oil  ])egin  to  run  out  ?  (Take  velocity  of  et&ux 
the  same  as  that  for  water.) 

5.  Find  the  work  done  in  pumping  20  gallons  of  water  into  a 
boiler  in  which  the  pressure  is  50  pounds  i)er  s(|uare  inch.  (1  gal. 
=  277.3  cu.  in.) 

6.  At  what  velocity  must  the  water  flow  in  a  canal  30  feet  wide 
and  8  feet  deep  to  discharg.'  1,000  cu.  ft.  per  second  ? 

7.  Water  in  a  pipe  is  under  a  pressure  of  60  jwunds  per  square 
inch  and  is  flowing  at  the  rate  of  6  feet  i)er  second.  Find  the 
energy  i)er  cubic  inch.     (Neglect  i^tential  energy  due  to  gravity.) 

8.  If  the  pressure  is  5  kilos.  i>er  8<i.  cm.,  and  the  rate  of  flow  is. 
2  metres  per  second,  find  the  energy  per  c.c. 

9.  A    water-main    7 

fr.dt  in  diameter  has  a 
throat  inserted  in  it  2  ft.  4 

in.  in  diameter.  The  flow 

of  water  through  the  pipe 
if.  300  cu.  ft  per  sec.,  and 
the  pressure  in  the  7-foot 
pipe  is  80  pounds  per 
square  inch.  Find  the 
pressure  in  the  throat. 

10.  In  a  glasi  tube  9 
cm.  in  diameter  is  a 
throat  3  cm.  in  diameter,  and  a  U  tube  is  fused  in  as  shown  in 
Fig.  170.     The  U  tube  contains  mercury  and  when  the  water  is 
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flowing  through  the  pipe  it  is  noticed  that  the  difference  h  in  the 
mtsrcury  levela  is  10  cm.  Calculate  the  flow  of  water  through  the 
pil»e  in  c.c.  per  aec.     (Density  of  mercury  =  13.6  grams  per  ac.) 
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3.  50,914^  ergs  (tt  =22/7). 

4.  2:i:,v.,  or  1:^:^-1- 

6.  3.306,  1.343,  1.376  cm.,  reapectively. 

8.  Height  in  tube  twice  that  between  platea. 


EZEB0I8E  ZUU. 

1.  65.1  pounds  per  sq.  in. 

2.  4,900,000  dynes  per  8<i.  cm. ;   5  kg.  per  sq. 

3.  374.01  c.c.  ]>er  sec. 

4.  .224  cu.  in.  per  sec. 
6.  23,108^  foot-pounds. 

6.  4J  ft.  per  sec. 

7.  6.014  ft. -pounds  (nearly). 

8.  4,920,000  ergs. 

9.  47.1  (apprux.)  jraunds  per  sq.  in. 
10.  3673.9  c.c.  per  sec. 


cm. 
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